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Abstract 
This thesis seeks to examine both permeability measurement and material 
characterisation of Continuous Filament Mat (CFM) glass fibre reinforcements. As 
an alternative to fabrics, which generally provide higher in-place properties, CFMs 
are often employed as low cost, 'lofty' (high uncompressed thickness, and 
therefore good specific flexural stiffness), easy to process reinforcements for 
Resin Transfer Moulded (RTM) parts. 
Within this project, investigation of permeability measurement has involved the 
development of two (radial and linear) liquid flow permeability techniques to 
provide a reliable and robust data set for a specific CFM (Unifilo U813-300). Then 
two novel (radial and linear) airflow techniques were developed for the 
measurement of CFMs, these providing comparative results with the liquid flow 
measurements. The benefits of airflow versus liquid flow include cleaner, lower 
pressured flow using a fluid that may be produced by compressor rather than 
stored, therefore having significant benefits for both laboratory and industrial 
measurements of permeability. 
Material characterisation is necessary to analytically investigate reinforcement 
materials, as permeability has a non-linear relationship with overall porosity. 
Permeability is therefore considered as a function of pore distribution, which 
encompasses the two scales of intra and inter fibre-bundle flow. Two areas have 
been investigated, these involving permeability measurement and microstructure 
characterisation. Comparative permeability measurements of a second CFM 
(Unifilo U850-300), consisting of a different arrangement of fibre bundle sizes, 
were undertaken using the 1 D airflow method, and inter-laminar flow was 
investigated using the radial airflow method. These resulted in a permeability ratio 
of between 0.54 and 0.64 (U813/U850) across a 0.1 to 0.3 fibre volume fraction 
range for the two CFMs, and no significant inter-laminar pore space effect. 
Microstructural characterisation initiated with image analysis of electron 
micrographs, providing measurement of fibre diameters and intra-bundle porosity. 
Kozeny-Carman modelling then showed the permeability of intra-bundle areas to 
be insignificant resulting in a focus on inter-bundle flow. Although limited by 
assumptions made for various material parameters, semi-empirical models to 
provide inter-bundle porosity and fibre bundle geometries were developed. 
Relation with permeability was then achieved through calculating hydraulic radius 
and mean hydraulic radius and provision of a range of Kozeny constants (0.55 to 
6.17) and coefficients to replace the Kozeny constant, which provide upper and 
lower bounds for the remaining factors of permeability. 
The overall future industrial benefits for material engineers rely on the addressing 
of these limitations for quantifying geometries, so as to provide clarity of the 
relationship between controllable material parameters and permeability. Towards 
this goal, suggestions of further work here investigate employing micro-CT 
imaging and the use of 3D modelling that have the potential to use real-world 
images rather than idealised geometrical models. 
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Symbol: 
A 
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Aw 
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OH 
d 
E 
HR 
h 
h 
K 
k 
L 
m 
m 
m 
n 
p 
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Nomenclature 
Representing: 
Area 
A coefficient (situation dependent) 
Areal weight (or superficial density) 
A coefficient or constant (situation dependent) 
Diameter 
Hydraulic diameter 
Depth 
Young's modulus (subscript denoting that 
material or direction this refers to) 
Hydraulic radius 
Height 
Head of pressure 
Darcy permeability coefficient 
A coefficient or constant (situation dependent) 
Length 
Reference length (Le. often a nominal figure, as 
often employed within Reynolds' number 
calculations) 
Mass 
Mean hydraulic radius 
Mass flow rate 
Number (quantity of ... ) 
Pressure (subscript denoting position of 
measurement) 
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S.l. units: 
m2 
m 
m 
m 
Pa 
m 
m 
m 
m 
kg 
m 
kg.s-1 
Pa 
Permeability Cl_Jaracterisation of Continuous Filament Mats for R"'e""sh_,_J '-'-'Tra,_n""sc-""e'-"M'-"o!.!!.u/"-"din"""'----------'~'"'lo"'-11-"''e'-"'11C""Ia'-"tu'-"re 
Q 
R 
r 
Re 
s 
T 
t 
tex 
u 
V 
Vol. 
w 
X 
y 
z 
Volumetric flow rate 
Specific gas constant 
Radial distance 
Reynolds' number 
Saturation 
Temperature 
Time 
Linear density 
Velocity 
Volume fraction (subscript denoting what of) 
Volume 
Weight fraction (subscript denoting what of) 
Orientation or orientated distance (generally 
longitudinal or in-line with flow, with subject 
specific subscripts and or superscripts) 
Orientation or orientated distance (generally 
latitudinal or normal to flow, with subject specific 
subscripts and or superscripts) 
Orientation or orientated distance (generally 
vertical or through thickness, normal to x/y 
plane, with subject specific subscripts and or 
superscripts) 
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m 
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Greek Symbols: 
a coefficient 
c5 Small change 
y Interfacial tensions or free surface energy N _, .m 
(interchangeable units) or 
j -2 
.m 
'la Fibre orientation factor (0 for perpendicular 
fibres, 0.25 for ±45°, 0.375 for random; 0.5 for 
biaxial parallel to the fibres, 1 for unidirectional 
in line with the load) 
,.,, Fibre length distribution factor (1 for continuous 
fibres, otherwise a more complex calculation 
based on a critical length calculation) 
p Density (subscript denoting what of, i.e. r =fibre) kg.m-3 
r/J Porosity 
e Orientation angle degrees 
/) Dynamic viscosity Pa.s 
V" Gradient 
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Abbreviations: 
ASTM 
CAD 
CFD 
CFM 
CMC 
CSA 
CSM 
CT 
CVFEM 
EM 
FEA 
FRP 
HR 
ISO 
K-C 
LCM 
L-RTM 
MC 
MMC 
NIST 
OCT 
OM 
RFI 
RP 
American Society for Testing and Materials 
Computer Aided Design 
Computational Fluid Dynamics 
Continuous Filament Mat 
Ceramic Matrix Composite 
Cross Sectional Area 
Chopped Strand Mat 
Computed Tomography 
Control Volume Finite Element Model 
Electron Microscopy 
Finite Element Analysis 
Fibre Reinforced Plastic I Polymer 
Hydraulic Radius 
International Standards Organisation 
Kozeny Carman model 
Liquid Composite Moulding 
Light Resin Transfer Moulding 
Method of Cells 
Metal Matrix Composite 
National Institute of Standards and Technology 
Optical Coherence Tomography 
Optical Microscopy 
Resin Film Infusion 
Rapid Prototyping 
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NDfnenclature 
N01nenc!alure 
RTM 
SA MPE 
SCRIMP 
SEM 
TEM 
SRD 
SRM 
TOF 
UD 
VIP 
voc 
IJ-CT 
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Resin Transfer Moulding 
The Society for the Advancement of Material and Process 
Engineering 
Seemann Composites Resin Infusion Moulding Process 
Scanning Electron Microscope 
Transmission Electron Microscopy 
Standard Reference Data 
Standard Reference Material 
Time of Flight 
Unidirectional 
Vacuum Infusion Processes 
Volatile Organic Compounds 
Micro Computed Tomography 
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Chapter 1 -Introduction 
Resin Transfer Moulding (RTM), a process for manufacturing fibre reinforced 
plastic/polymer (FRP) composite parts, involves the injection of thermosetting 
polymer resins into a fibrous reinforcement enclosed within a mould tool. The 
produced composite parts may return a spread of properties dependent on the 
constituent materials employed and the quality of their consolidation. 
Reinforcement types are manufactured to suit different requirements, from 
achievement of ease of processing to desired part properties. The engineering of 
these materials involves decisions regarding: types of fibrous materials to be 
employed; treatment of these to chemically suit different types of resin; the size of 
the bundles these fibres are grouped in, and the arrangement and orientation of 
those bundles. This PhD considers two main areas regarding glass fibre 
continuous filament mat (CFM) reinforcement: 
(1) Measurement of the in-plane permeability of CFMs. 
(2) Characterisation of the microstructure of CFMs, aiming at ultimately relating 
permeability to controllable elements of reinforcement design and 
manufacture. 
1.1. FRP Composite Materials 
Composite materials contain at least two constituent materials as distinct phases 
both having to be present in reasonably significant proportions and having a 
distinct interface (Matthews, Davies et al. 2000; Advani and Sozer 2003). These 
phases include a matrix continuum, which provides the part shape and also 
37 
f tUlfPI 1 
transfers loads to the other element, that being a reinforcement of that continuum. 
Employing the properties of each constituent part and the bond at the interface 
results in a composite material with properties either distinctly different from or 
superior to the sum of the parts. 
Within the field of fibre reinforced plastics (FRPs) the matrix generally consists of a 
thermosetting polymer such as variations of polyesters, vinylesters and epoxies; 
although thermoplastics may also be employed. Of these examples, polyester has 
the lowest mechanical properties but is also the least expensive, resulting in it 
being the most widely employed polymer matrix (Figure 1.1 ): 
• Polyesters 
• E poxoes 
• V inyles ters 
• Others 
Thennoplas tics 
Figure 1. 1: Matrices used in Europe in 2000, compared by weight (produced from 
figures retrieved from: Owen 2000) 
The reinforcement for these thermosetting FRPs is predominantly fibrous, where 
the fibres are generally long (>1000:1 aspect ratio), compared to lengths of 
approximately 6mm for thermoplastic applications (OCV Reinforcements 2008). 
Predominantly these fibres include glass and carbon, although others may be 
employed including: aramid, asbestos, boron, natural fibres (i.e.sisal, jute, flax, 
hemp etc), silicon carbide, alumina and even thermoplastic polymers such as 
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saturated polyester, nylon and polypropylene. Glass is by far the largest volume 
(Figure 1.2): 
• Glass 
• Carbon 
IJ Others 
Figure 1.2: Proportions, by weight, of various reinforcement fibres sold in Europe 
in 1996 (produced from figures retrieved from: Owen 2000) 
1.1.1. Fibrous Reinforcements: Mats and Fabrics, Rovings and Yarns 
Long-fibre reinforcements are provided commercially as 'mats' or 'fabrics', both of 
which consist of bundles of fibres known as either 'ravings (untwisted: often 
referred to as tows) and yarns (twisted: referred to using the 'bundle' generic 
term). These bundles are then quantified in terms of a tex value, which is a linear 
density expressed in grams per kilometre of bundle. 
'Mats' may be defined as a pseudo-random arrangement of fibre bundles. These 
consist of either short ravings (25 to 50mm in length: Owen 2000) within chopped 
strand mats (CSMs) or as continuous, swirled yarns within continuous filament 
mats (CFMs). Fabrics exist in the form of either multi-axial or unidirectional 
arrangements as woven or non-woven (uncrimped I stitched) fabrics (Figure 1.3). 
The majority of these are ordered in two dimensions; however three-dimensional 
woven or braided reinforcements are also available, although the employment of 
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these is relatively rare. Fabrics tend to be considered as more advanced 
reinforcements as they include ordered arrangements of either ravings or yarns 
that enable higher fibres content (fibre volume fraction: Vt) and therefore properties 
than mats. Relating to bundle types, simpler plain weaves and non-woven fabrics 
tend to employ tows, with the former fabrics often being referred to as woven 
ravings; whereas more complex weaves such as twill and satin often use yarns 
(Owen 2000). 
• - ..P.alill -. 
Figure 1.3: Schematic plan views of: a) CFM; b) woven; c) uni-directional 
materials, with in-plane isotropic or anisotropic axes shown (image: author). 
Although far higher fibre contents are achievable from fabrics the minimum fibre 
volume fractions are far higher than those achievable from mats due to the 
uncompressed density of the reinforcement. This is often referred to as 'loft', which 
relates to a reinforcement material's uncompressed thickness and is far greater at 
comparable fibre contents within a mat than a fabric. The minimum Vt for fabrics 
tend to be in the region of 0.35 to 0.4 whereas maximum tends to be limited to 
between 0.6 and 0.7 when compressed. In comparison, CFMs typically suit 
approximate ranges of between 0.1 (uncompressed) and 0.35 (compressed). The 
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maximum value for both materials is primarily due to the reduction in interface 
bonding as permeation becomes more difficult resulting in reduced saturation of 
the tighter pore space within fibre bundles. This negatively affects load 
transference and therefore the laminate's properties (SP-Systems undated). Over-
compression also causes damage to the fibre bundles, which is particularly 
noticeable with CFMs and CSMs as their random arrangement provides reduced 
support of the bundles. This often results in powdering of binders and the 
likelihood of damage to sizing and potentially the fibres themselves. 
1.2. Composites Manufacture via Resin Transfer Moulding 
Occupational exposure to styrene emissions from open mould manufacture of 
polyester based FRPs remains a concern. This is evidenced by the advent of 
continuously tightening European Union restrictions (EUROPA 2008) regarding 
the emissions of volatile organic compound (VOCs). The result is that processes 
involving the closed mould manufacture of composites are ever more attractive, 
although high end methods (i.e. autoclaving) are cost-prohibitive for the types of 
parts produced from mats and polyester resins. Here Liquid Composite Moulding 
(LCM) processes, which may be defined as the injection of resin into a dry 
reinforcement fibre bed (Berenberg 2003; Mitschang, Ogale et al. 2003; Strong 
2008), play a large role with ever increasing popularity. The environmental 
response to closed mould manufacture has been evidenced by Van Rooij et al. 
(2008), who discuss a decrease in styrene emissions of 5.3% per year between 
1966 and1990 and 0.4% per year since 1990 (up to 2002). 
RTM and L-RTM (section 1.2.1) are two types of LCM, and are the focus of this 
project, whereas other types include vacuum infusion processing (VIP and 
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SCRIMP), resin film infusion (RFI) and expansion RTM (Mitschang, Ogale et al. 
2003; Strong 2008). Berenberg (2003) discusses that the major breakthrough for 
RTM entering the high end parts' market occurred in the late 90s with Lockheed 
Martin taking on the process to manufacture structural components for the F/A-22 
Raptor. Details for the quality of parts achievable from RTM are provided in 
literature (Berenberg 2003; Mitschang, Ogale et al. 2003; Strong 2008), where 
prepreg levels of fibre content ( :::::65%) are achievable with short cycle times (5-150 
minutes: Strong 2008), excellent surface quality and reasonably large part size 
(approx. 5m2: Mitschang, Ogale et al. 2003). Although these high end parts are 
not the focus of parts manufactured with CFMs, there is the obvious desire to work 
towards producing higher quality parts from lower cost components. 
1.2.1. RTM and L-RTM, the Process 
The two methods differ in terms of the robust nature of the tooling and the injection 
method. Traditional RTM (Figure 1.4) involves heavy, rigid tooling, which enables 
a uniformity of cavity depth (MVP 2008) and higher fibre volume fractions than with 
L-RTM (Figure 1.5). In comparison, L-RTM employs glass reinforced plastic (GRP) 
tooling, which tends to flex both when compressing the reinforcement and also 
under injection pressure. The injection methods employed differ in that RTM uses 
pressure in the region of 4 bar (although figures of between 6.9 and 13.8 bar are 
provided by Berenberg 2003), whereas L-RTM employs a partial vacuum and then 
far lower injection pressures , which combined do not often exceed ambient 
pressure. 
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Figure 1.4: RTM process schematic (image: MVP 2008) 
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Figure 1.5: L-RTM process schematic (image: MVP 2008) 
Clu;p_t!l[ 1 
Of consideration should be the cost of the heavy tooling and the requirement for 
equipment to be able to open and close the contra mould. Additional benefits 
include the ability to withstand the wear and tear of high production runs (and a 
maximum of 20,000 to 30,000 parts/annum provided by Mitschang, Ogale et al. 
2003; 500 to 10,000 parts per annum recommended by MVP 2008), and to add 
heat to accelerate cure or to facilitate the use of more exotic high temperature 
resins (SP-Systems undated). The advantages of L-RTM, over RTM include 
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significant reductions in costs for low production numbers and also the ability to 
manufacture significantly larger parts (0.2 to 100m2: MVP 2008)), due to the 
higher weight and associated difficulties involved in employing a large RTM mould. 
However, the disadvantages of L-RTM include reduced capability of mould 
heating, reduced production run numbers and reduced control in part thickness 
and fibre content. 
1.2.2. Growth of RTM Production 
Comparison of the significance of RTM production, by weight, against other FRP 
production processes is provided within Figure 1.6. This illustrates RTM following 
a similar increase in delivered tonnage as other methods during this period, and 
may be compared to Figure 1.7, which illustrates the growth (by weight) of the 
entire GRP industry within Western Europe . 
X1000tonnes • 2006 2oos D 20o4 
250 
200 
150 
100 
50 
0 
Figure 1.6: Production (X1000 tonnes) from FRP production processes in Western 
Europe 2004-2006 (Biiltjer 2006) 
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Figure 1. 7: Production output (X1000 tonnes) of the GRP industry within Western 
Europe 2003-2006 (Bil/tjer 2006) 
However, a far more impressive comparison is made within Figure 1.8, where, 
during this period, the increase in RTM production has been continuous and only 
surpassed by pultrusion. 
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Figure 1. 8: Percentage growth of production for different FRP manufacturing 
processes (BO/tjer 2006) 
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1.3. Continuous Filament Mats 
The primary business focus for the CASE sponsor of this PhD studentship 
(Piastech Thermoset Tectonics Ltd now trading as Magnus Venus Plastech: MVP, 
2008) is the manufacturing process of resin transfer moulding (RTM) and Light-
RTM (L-RTM), with specific interest in the processing of CFM reinforced parts. 
The result of the relatively high degree of loft for mats is that fewer layers are 
required to create part thickness, than would be required with fabrics of a similar 
areal weight (Aw) (also referred to as 'superficial density'). Here part thickness, 
being a cubed term within the calculation for second moment of area, is related to 
flexural stiffness. This results in reduced costs as a smaller quantity of 
considerably cheaper reinforcements (Table 1.1) are required and part density is 
reduced when producing parts of similar flexural stiffness (resin is of a lower 
density than glass [i.e. polyester between 1000 and 1500 kg.m·3 (Matthews, 
Davies et al. 2000) and E-glass is approx. 2600 kg.m-3)). 
Material Area Weight Approximate £1m2 (g/m2) £/kg 
100 0.41 
150 0.62 
Unifilo U800 series 225 4.10 0.92 
(OCV Reinforcements 300 1.23 
CFMs) 
450 1.85 
600 2.46 
900 3.69 
Twintex 745 3.95 (OCVWoven 5.30 
Reinforcements) 1485 7.87 
.. Table 1.1: Examples of approximate pnces for Umfllo UBOO senes CFMs and 
Twintex woven glass reinforcements produced by OCV Reinforcements (2008) 
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In terms of in-plane properties, tensile modulus can be predicted through a 'rule of 
mixtures' (Equation 1.1 ), which returns results within 5% of empirical 
measurements (Matthews, Davies et al. 2000). This 'rule of mixtures' may also be 
expanded (Equation 1.2) to include consideration of the length of the fibres and 
their orientation (Hull 1981 ). Whereas mats do not require consideration of in-
plane fibre orientation, therefore simplifying lay-up within a mould, this does 
illustrate that, when carefully aligned with loads, fabrics return higher in-plane 
properties in comparison with mats. 
Equation 1 .1 
Equation 1.2 
Where: E11 = tensile modulus, parallel to unidirectional fibres; E22 = tensile 
modulus normal to fibre direction; Er & Em = tensile modulus of fibre and matrix, 
respectively; Vr and V m = volume fraction of fibre and matrix, respectively; !Jt = fibre 
length distribution factor (1 for long or continuous fibres); !Jo = fibre orientation 
factor (0.25 for ±45°, 0.375 for random; 0.5 for biaxial parallel to the fibres, 1 for 
unidirectional in line with the load). 
Typical values of 3 GPa for the modulus of polyester (Matthews, Davies et al. 
2000) and 70 GPa for E-glass fibre (AZoM 2008), with approximate fibre contents 
(10-35% for CFM; 30-60% for woven; 40-70% for UD) allow comparative 
estimates of in-plane stiffness (Figure 1.9). 
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Figure 1.9: Approximate predictions of in-plane Young's modulus forE-
glasslpolyester composite components 
CFMs are predicted to provide a similar range of stiffness to a ±45° biaxial whilst 
retaining lower fibre contents, therefore indicating the importance of the fibre 
alignment of fabrics, which is not an issue with mats. 
Examples for the use of low-cost (CFM) composites include the following (Figure 
1.1 0): 
Transportation: including examples provided by Composite Reinforcements UK 
Ltd (2006) such as: headliner boards for Jaguar, Toyota and Land Rover; 
panels for truck trailers for supermarkets and recreational vehicles such as 
caravans and motorhomes. 
Marine: suitable for many interior panels and parts, but also suitable (as are 
CSMs) for boat hulls from small tenders (Figure 1.1 0) to large yachts (i.e. up to 
85' (approx. 26 m): Princess Yachts International PLC 2008). 
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Figure 1. 10: Examples of Industrial Standard RTMILRTM manufactured 
components (Images: MVP 2008) 
Construction: again examples are provided by Composite Reinforcements UK 
Ltd (2006), which include: "cladding panels for building refurbishment; 
continuous laminating panels for translucent roof lighting; RTM petrol forecourt 
covers". Lance Brown Import-Export (LBIE 2008) also discuss employment of 
CFMs for items such as window frames. 
The varieties of commercially available CFM materials include: 
Unifilo: previously manufactured by Saint Gobain Vetrotex (Saint-Gobain 
2004 ), which merged with Owens Corning in July 2006 (Plastic News 
International 2008) to become Owens Corning Vetrotex (OCV) 
Reinforcements. This range of CFMs was recognised by Owen (2000) as the 
sole European CFM product, however other brands are now available. Unifilo 
is an umbrella product name for a range of CFMs, identified with a prefix letter 
(generally U for Unifilo), a product code and the superficial density (areal 
weight in g.m-2) . Variations from the U prefix, within the Unifilo range, include 
the letter T, which signifies the product variant Unitop (TOP = Transverse 
Orientated Properties) with increased through-thickness mechanical properties, 
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and the prefix S signifying the product variant Unistretch, a highly deformable 
mat designed for complex preforming. 
Owens Corning M-series CFMs: these products are no longer found on the 
OCV website (OCV Reinforcements 2008), however product details are 
available under the Owens Corning title (Owens Corning 2008). This series of 
materials include those designed for: matched metal die moulding (M861 0, 
M8615 and M8620); infusion moulding and RTM (M8630 and M8635); 
pultrusion and panels using poly or vinyl esters (M8643), using epoxy or 
polyurethane (FM 8636), or phenolics (FM 8686). lt should be noted, however, 
that some of these products are only available in North America, the reason not 
being specified but likely to relate to patent clashes elsewhere. 
Composite Reinforcements UK Ltd (2006) also has a range of CFMs designed 
for: hand lay-up; pultrusion; RTM/RIM, and vacuum processes. These were 
launched in 2006 to combat the restrictions on purchasing options foreseen in 
relation to the merger of Owens Corning and Saint Gobain Vetrotex 
(Composite Reinforcements UK Ltd 2006). 
1.4. Permeability of CFMs for RTM 
This reinforcement parameter is dependent on the permeation of the specific resin 
system through the reinforcement's pore space, both into and between fibre 
bundles. High quality of consolidation of the constituent materials of a composite 
ensures that only very low levels of air pockets, or voids, remain and that applied 
loads may be transmitted and distributed throughout the part as a whole. Owen 
(2000) describes this as a function of the processes of 'wet through' and wet-out'. 
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The former refers to the injecting resin passing through the whole reinforcement 
bed, hence producing a complete part. 'Wet-out' refers to the quality of the 
surrounding of individual fibres and their bundles, hence relating to transfer of load 
and part quality in terms of properties. The first is obvious in part manufacture as 
insufficient wet-through leaves an incomplete part, however the second is also 
important as it enables effective load transfer between the reinforcement and 
matrix, and therefore plays a prominent role in determining mechanical properties. 
With CFM materials, where bundles are relatively small in diameter, the 
significance of wet-out issues for bundles is far lower than for fabrics. However, 
the change in permeability as CFMs are compressed is important as wet-through 
and subsequently wet-out become more difficult to achieve. 
In simple terms, permeability describes the ease with which a fluid permeates a 
porous medium. In quantitative terms, permeability becomes a coefficient, or 
"constant of proportionality", that relates flow rate and driving pressure gradient. 
The modern version of the Darcy permeability equation, discussed in more detail 
in Chapter 2 (page 60), provides a coefficient value for permeability that permits 
modelling of composite manufacturing processes. As such, this is a measure 
relating to the macro-scale wet-through of a reinforcement material and not wet-
out in localised areas. Therefore, rather than a direct indicator of part quality, 
permeability is a parameter of the process of mould filling and therefore an 
important parameter in process engineering. 
Permeability is dependent on a number of factors, notably the arrangement of 
individual fibres and fibre-bundles, and therefore the distribution of pore space. 
Pore space topology is extremely complex in terms of both description and 
quantification. The benefits of being able link these structures through material 
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design to permeability would therefore significantly empower the material 
engineer. 
Techniques for permeability measurement are based on idealised physical 
modelling of resin flow normally using non-reactive, Newtonian and non shear 
thinning fluids. These are employed within experimental mould tools, which 
carefully control the Darcy equation parameters of mould geometry, fluid viscosity 
and the balance between flow rates and pressure gradients. However, within 
literature a vast range of results may be found for generic material groups; 
therefore specific results for materials of interest are generally not available. 
Examples of CFM permeability data have been sourced from literature (Parnas 
and Flynn 1998; Buntain and Bickerton 2003; Rodriguez, Giacomelli et al. 2004) 
and presented as Figure 1.11*; these measurements include: 
Unifilo U501-450 via saturated one-dimensional flow (Rodriguez, Giacomelli et 
al. 2004). This grade of Unifilo is no longer available or detailed by the 
manufacturer (OCV Reinforcements 2008) and therefore its description cannot 
be given. 
Unifilo U750-450 measured using the one-dimensional saturated flow of corn-
syrup and water (Parnas and Flynn 1998). Of note is that this version of Unifilo 
has a similar 25/50 tex proportional distribution as the U850-300 material 
tested within this project. 
* Published K values for CFMs.xls on the provided CD-R 
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Approximate data was retrieved from the published graphs of Buntain and 
Bickerton's (2003) novel continuous compression saturated flow technique, 
discussed in more detail in Chapter 2. Their work measured an undisclosed 
CFM with a superficial density of 450g/m2 , and used two separate closure 
rates of 4mm/min and 8mm/min. 
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Figure 1. 11: Comparison of various published permeability results for CFMs 
Exact material types are not always clear in literature. Therefore the indication of 
variation provided by the data points and lines of best fit may be due to either the 
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types of materials, types of testing or occasions of testing, or a mixture of them all. 
These issues combined with this PhD sponsor's desire to find a more efficient, 
cleaner, simpler and potentially commercial method for permeability quantification 
has motivated the experimental permeability work conducted during this project. 
1.5. Project Aims and Objectives 
'Advanced composites' return high levels of mechanical properties and therefore 
attract high spending industries and significant industrial and academic research, 
whereas in comparison 'low cost' CFMs are generally overlooked. This work 
recognises the importance of material characterisation and permeability research 
for both RTM and L-RTM as popular manufacturing techniques and also a wide 
band of CFM material applications. The long-term aim, for which this work aims to 
contribute to the progression of the body of work in this area, is the ability to 
clearly quantify the relationship between the parameters involved in CFM 
reinforcement material design and manufacture and permeability. 
Two specific CFM materials were used. The first (Unifilo U813-300) was employed 
for the liquid permeability investigations, then both this and another Unifilo (U850-
300) was used for the air permeability testing and micro-scale characterisation of 
the materials. To achieve this, the project's objectives were to: 
Compare the liquid permeability measuring techniques of radial (2D) and linear 
(1 D), wetting and saturated flow by developing experimental equipment and 
then to establish a library of data for Unifilo U813-300. 
Develop both radial and 1 D airflow permeability measuring equipment and 
techniques and clarify the effectiveness of these through comparison with liquid 
results for Unifilo U813-300. 
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Gather comparative permeability data for Unifilo U850-300, which is 
constructed with a different distribution of tex sized bundles compared to U813-
300. 
Measure, using scanning electron microscopy and image analysis, both intra-
bundle porosity and fibre diameters for the two versions of Unifilo. Then further 
characterise the microstructure in terms of bundle volumes and inter-bundle 
porosity through the development of semi-empirical models that employ these 
measurements. 
Investigate existing permeability models that are based on microstructural 
quantifications, using the empirical microstructural characterisation work and 
semi-empirical models discussed above. 
Investigate the future potential of this work with regard to full characterisation of 
these materials for the benefit of material engineers and manufacturers. 
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Chapter 2- Literature Review of Permeability and 
Reinforcement Micro-Scale Architecture 
2.1. Repeatability and Reliability of Permeability Measurement and the 
Need for Reliable Data 
The accuracy and repeatability of the permeability measurement of fibre beds is of 
fundamental importance for this area of study. In literature this is recognised and 
discussed in relation to the requirement for reliable data for process modelling 
(Parnas, Howard et al. 1995; Carter, Fell et al. 1996; Lundstrom, Stenberg et al. 
2000; Buntain and Bickerton 2003; Lundstrom, Frishfelds et al. 2004; Olivero, 
Hamidi et al. 2004) This type of process modelling may be either predictive, in 
terms of the manufacturing process, or analytical, in terms of relating material 
parameters to permeability. 
lt is recognised that consistent results are not always obtained across different 
measuring techniques (Parnas, Howard et al. 1995; Lundstrom, Stenberg et al. 
2000). This suggests insufficient consideration of, or insufficient capability of, 
controlling experimental methodologies and sources of error when undertaking 
experiments, or an inherent variability in the material. These observations of 
variations in permeability data have motivated many studies. Of particular note is 
the work of Parnas et al (1995). Motivated by conflicting published results, the 
National Institute of Standards and Technology (NIST) initiated programs to detail 
both standard reference materials (SRMs) and standard reference data (SRD) for 
permeability purposes. Parnas et al. (1995) investigated both a three-dimensional 
woven fabric and a random mat, experimenting with both unsaturated and 
saturated flow in one-dimension, two dimensions (radial) and through-thickness 
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configurations. A three-dimensional weave was chosen as a SRM due to its 
handleability, although their experimentation required careful experimental 
protocol in order to achieve reproducible results. This included taping of samples' 
cut edges, at specific tape widths, and one-dimensional flow experiments 
completed only along the material's 45° and 135° axes. 
Parnas et al. (1995) also investigated the potential for using the mat as a SRM, 
although, from their results and due to the variety of published permeability results, 
they felt that these were not suitable. Their studies concluded by proposing the 
three-dimensional material as a SRM, and the preparation of sealed packages 
containing four sheets of random reinforcement, for practical purposes, and two 
sheets of the three-dimensional woven material as the SRM. The purpose of these 
packs was for distribution to allow calibration of experimental permeability 
measuring methodologies. 
2.2. Permeability Quantification 
Consideration of fluid permeability, in the form of liquid, gases or vapours, may be 
found in a range of applications. For example, use of Frazier Air Permeability 
testing equipment (Frazier Precision Instrument Company 2006) is the focus of 
standards for the testing of a variety of materials, these include (Frazier Company 
2006): 
Air permeability of textile fabrics (ASTM 0737). 
Gas flow permeability of filters (ASTM F778). 
Airflow permeability of acoustical materials used for absorption of sound 
(ASTM C522). 
Airflow permeability of urethane foams (ASTM 0357 4 ). 
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Other test standards that involve differing testing techniques and equipment also 
exist, including: 
Gas permeability and water transmission rates of vulcanised rubber (BS 903: 
Part A30:1996 and Part A46:1998 and ISO 2782:1995 and BS EN ISO 
6179:2001). 
Water vapour transmission through plastics (BS 2782: Part 8:1996 and ISO 
2528:1995) (Smithers Rapra Technology Ltd. 2008). 
The area most relevant to the permeability of FRP reinforcement materials is the 
development of permeability measurement within soil science. These follow 
standard such as ASTM D2434-68 (Thomson Reuters 2008) for the permeability 
of granular soils with a constant head of pressure, and BS 1377: Part 5 and 
6:1990 (Standards Direct 2005 ), which is followed within the commercially offered 
permeability testing of soils by various companies, for example by Geolabs Ltd 
(last accessed 2008). These fundamentally focus on the use of Darcy's law for 
providing a comparable value to represent permeability. 
Historically, Henri Darcy (1856) first quantified the permeability of soils, having 
been prompted by flow of water through soils and rocks. Darcy's original 
experiments involved the saturated steady-state flow of water through vertical 
columns of four differently packed samples of sand (Figure 2.1 ). Here manometers 
were used to measure the pressure gradient as head-loss of pressure through the 
height of the column. Due to his focus on water flow, Darcy referred to the result 
as "hydraulic conductivity", being the proportional relationship between flow rate 
and the driving pressure gradient; dependent in turn on the cross-sectional area of 
the sample and thus providing the following equation for the unidirectional flow 
case: 
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Equation 2.1 
Where: Q = volumetric flow rate; K = "hydraulic conductivity" or "constant of 
proportionality" (Gray and Miller 2004); A =cross-sectional area of the sample; h2 
- h1 =pressure differential as a head-loss of pressure; L =length of the column. 
Figure 2. 1: Henri Darcy's original experimental apparatus (image: Darcy 1856) 
Darcy's original formula (Equation 2.1) resulted in 'K' being in units of velocity per 
unit weight (m.s-1.kg-1), which when considering water with a relatively constant 
density may be considered to be simply in the units of velocity (m.s-1). This is used 
in BS 1377:1990 standard for testing of soils (Standards Direct 2005). However, 
the situation changes when considering other fluids with different weights and 
dynamic viscosities, this complicating the comparability of the figures. 
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Thermoset polymers for liquid composite moulding purposes have dynamic 
viscosities (J.I) in the range of 50 to 500 mPa.s, and therefore in the region of 50 to 
500 times that of water (approx. 1 mPa.s). As dynamic viscosities reflect the inertia 
of a fluid then it becomes a simple matter to include this factor, which results in the 
modern version of the Darcy equation (Advani and Bruschke 1994 ): 
Q K 5P 
U=-=---
A J.lOx 
Equation 2.2 
Where: u = flow velocity; oP/dx is the driving pressure gradient. 
The Darcy coefficient (K) is therefore simplified to S.l. units of square metres (m\ 
which therefore provides a coefficient that is supposedly comparable across fluid 
types. 
An alternative unit of 'darcys' is on occasion employed in literature. One darcy is 
the permeability when a 1 cP viscosity fluid flows at a rate of 1 cm 3.s·1 under a 
pressure gradient of 1 atmosphere per cm. One darcy is therefore 9.869 x 10·13 m2 
2.2.1. Limitations for using Darcy Permeability to Characterise FRP 
Reinforcements 
The parameters used within Equation 2.2 are averaged on a scale far greater than 
the localised flow within pores. This poses limitations on the ability of the Darcy 
derived measurement to comprehensively characterise the factors within a 
material that control the level of permeability. This is discussed in some detail by 
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Gray et al. (2004), who state that Darcy (1856) was himself careful not to overstate 
his original findings due to these macro-scale averaged measurements. Whereas 
pore distributions within fabrics are reasonably well defined, for CFMs in particular 
the lack of micro-scale characterisation fails to describe the differences between 
macro-scale (inter-bundle) isotropy and micro-scale (intra-bundle) anisotropy. A 
further failure is the lack of ability to isolate issues such as variations in localised 
fibre content and tolerances involved in the materials' manufacture. 
A further limitation, not directly related to the porous reinforcement, relates to the 
permeating resin. Here a single value is used to describe dynamic viscosity, which 
is assumed constant during the measurement. The Darcy equation therefore suits 
only the flow of Newtonian, non-shear thinning fluids. As discussed by Michaud 
and Mortensen (2001) this is not a typical scenario for a curing resin system where 
there are dynamic changes in viscosity and potential inertia effects to consider. 
These arise from both the heat effects of exothermic chemical reactions, which 
transfer energy to the molecular chains thus reducing viscosity, and the cross-
linking of the polymer chains, which has the opposite effect. 
2.3. Permeability Measurement of Reinforcements for FRPs 
Experimental techniques for the measurement of permeability vary. These may be 
grouped under the following four descriptive umbrellas: 
(1) Directions of Flow: whether either the flow is linear and one-dimensional or 
two-dimensional and spreading in a radial fashion. Additionally, although of 
rare importance for RTM, three-dimensional flow to include a through thickness 
element is occasionally investigated. 
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(2) Type of Flow: effective steady state (saturated) flow versus wetting (transient) 
unsaturated flow. 
(3) Methods for Driving the Flow: constant injection pressure or constant flow 
rate. 
(4) Types of Fluid Used: experimental techniques rarely use resin systems, partly 
due to their non-Newtonian nature but also due to cleanliness, H&S issues 
(Van Rooij, Kasper et al. 2008) and potential damage to both tooling and 
measuring equipment. 
2.3.1. One Dimensional Flow 
One-dimensional flow (Figure 2.2), often also referred to as in-line, rectilinear or 
parallel flow, more closely resembles Darcy's original experimentation than radial 
flow. Generally it involves flow progressing from an injection gate the full width of 
one end of the mould (Advani and Bruschke, 1994 ). Alternatively 1 D flow may be 
achieved via a single injection point not necessarily at the end of the mould tool 
(Figure 2.3), as once the radial flow reaches the mould walls the two-dimensional 
flow reverts to one-dimensional flow (Rudd, Long et al. 1997). Therefore as long 
as the flow front progression is measured once a steady state curvature of flow 
front is reached then calculation of 1 D Darcy flow is applicable, which is illustrated 
within Figure 2.4. 
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Injection gate 
X 
~ 
Flow front 
Figure 2.2: Plan-views 1 D flow permeability measurement 
Video 
How F-ront 
Figure 2.3: Schematic diagram of single injection point one-dimensional 
permeability experiment (image: Rodriguez et a/, 2004) 
63 
D,-.'TTI 1btll,y Ch JJ 1 n ,,, )/1 lfCJn/ Ill 01 c: ~~~ nl u , , "On n r~ .. ;fpr J,4)t.l 
(a) 
Injection 
point 
Mould 
walls 
(b) 
Figure 2.4: Plan view of initial radial flow (a) resulting in 1-dimensional flow (b) 
once mould walls are reached. 
One-dimensional flow measurement suit reinforcement mats as their in-plane 
isotropic nature removes the requirement for careful orientation of the sample 
within the mould tool. 1 D flow can be calculated by simple rearrangement of the 
Darcy equation (Equation 2.2) to provide permeability as: 
Q.!J.Xfl K= 
A.( ?a-~) 
Equation 2.3 
Where: x, = distance from injection point to the flow front; A = cross-sectional area 
of the mould (not just pore space); P0 - P1 = differential pressure between the 
injection point (Po) and the flow front (Pt). 
Single measurements of fabrics provide permeability only at specific fibre 
orientations; therefore a greater number of experiments are required to achieve 
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permeability vectors as a function of fibre orientation. This process requires a 
minimum of three experiments with each requiring the reinforcement samples to 
be aligned differently with regard to the mould's axes. This is illustrated in Figure 
2.5, where the mould's axes are represented as x' and y' and the reinforcement 
axes as x and y. 
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Figure 2.5: Plan view of the relationship between an orthotropic material's principal 
axes (x and y) and the mould's axes (x' and yj 
2.3.1.1. Calculation of Flow Time for 1 D Flow 
The Darcy equation may be rearranged to express flow front progression as a 
function of time, which is shown here for 1 0 flow and again for radial flow. This is 
useful for judging the time required to fill a mould during real-time RTM 
processing, where time to fill may be optimised to suit the cure schedule of specific 
resin systems. lt is also useful, as employed within areas of this project, for 
predicting the time available for taking measurements during experimentation. 
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Time to flow front (t,) may be simply calculated from the reciprocal of volumetric 
flow rate (Q) divided by the available volume for the resin to fill without need for 
consideration of either the pressure gradient or permeability value. However, the 
materials porosity must be included within the calculation where for constant 
volumetric flow rate, with 100% saturation: 
Vol., I/J.A.x1r 1rr =-Q-= Q 
Equation 2.4 
Where: Vol.p = volume of pores; 1/J =porosity (1-Vr); A =cross sectional area of the 
mould cavity; x, = distance from the injection point to the flow front, parallel to the 
flow. 
Equation 2.4 assumes 100% saturation, which in practice, although highly 
desirable, is unlikely to exist. To achieve an accurate fundamental calculation the 
proportion of saturation (S) should be considered, which is difficult to determine 
within a wetting reinforcement, particularly in the more complicated region directly 
behind the flow front. An average saturation for the material can be gained, 
though, from a comparison of saturated experimental results with a rearrangement 
of Equation 2.4 to provide flow rate as a function of the cross-sectional area of the 
flow ( 1/J.A ): 
Q = 1/J.A.& 
& 
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The inversion of Darcy's law, including Equation 2.5, may then be integrated with 
respect to x to provide time to fill length to distance 'x' from experimental 
parameters: 
Equation 2.6 
The theoretical value for time to fill, with the addition of saturation ( S), may be 
equated to the empirical measurements as: 
S.ifi.A.x.o 
Q 
- I/J.J.l.X2 
2.K.I'!..P 
So that average saturation (within a steady-state experiment) is: 
S = -Q.J.l.X 
2 .K. A .I'!..P 
Where: x is assumed to be equal to x,. 
Equation 2.7 
Equation 2.8 
This saturation value may then be employed within Equation 2.4 to provide a more 
accurate prediction of time to flow front for either constant volumetric flow rate or 
constant injection pressure, one-dimensional flow: 
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Equation 2.9 
2.3.2. Radial Flow 
The radially progressing wetted volume (Figure 2.6) increases with the square of 
radial distance from the injection point ( Vol ; TT. ~.d or Vol ; TT.ra.rb.d, where ra and 
rb are the major and minor radii of an ellipse). This causes the mathematics to 
differ from the linear description of 1 D flow, and complicates the relation between 
flow rate and pressure gradient. There are, however, benefits over one-
dimensional measurement. These include a lack of side walls that provide an 
additional flow surface and pose a potential source of error and also the ability to 
measure more than one dimension of permeability from a single experiment. 
Radial flow is therefore more efficient for measuring the permeability of anisotropic 
fabrics. 
Injection point 
Flow front 
Figure 2. 6: Plan view of radial flow permeability measurement 
Flow progression from central injection results in either an elliptical or circular flow 
front where the shape of the ellipse is dependent on the anisotropy of the preform 
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(Figure 2. 7). CFMs are generally assumed to be isotropic (in-plane), and therefore 
assumed to provide a circular flow front. This assumption may be questioned, 
though, as Parnas et al. (1995), when investigating Unifilo U-750, found a slight 
anisotropy of between approximately 1.09 and 1.11. This has been suggested by 
Rudd et al. (1994) as being due to storage on rolls and handling issues. However 
this anisotropy should be considered as a random occurrence, rather than a 
specific inherent characteristic of these materials. Therefore it is not necessary to 
gather permeability vectors for CFMs and the error may be corrected by 
measuring opposing points on the elliptical flow front. For anisotropic materials, 
though, should the prediction of accurate flow progression be required the vectors 
of both the flow rate and pressure gradient are needed for calculation of 
permeability vectors. However, although calculation of radial flow permeability is 
more complicated than simple 1 D flow (for in-plane isotropic mats) the same level 
of complexity suits both isotropic and anisotropic materials. This therefore avoids 
the complex nature of solving the vector permeabilities of one-dimensional flow 
through anisotropic reinforcements. 
Figure 2. 7: Central injection radial flow front progression, for (a) isotropic and (b) 
orthotropic reinforcements 
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The more complex calculation arises from considering the relationship between 
volumetric flow rate and pressure gradient via the cross-sectional area presented 
to the flow (A). Here there are two considerations. Firstly 'A' does not remain 
constant as it does with one-dimensional flow, and depends on radial distance as 
A = 2. rr.r.d (where: d =depth). Secondly, volumetric flow rate becomes not only a 
factor of a non-constant cross-sectional area but also depends on radial distance 
as Q = rr.?.d!t (where: t =time). 
The volumetric flow rate for radial flow is now: 
This may be expanded to: 
Q=-AK5P 
J.1 &· 
u = Q = l[_rz.d = K (f'o- ~) 
A t.2.1[.r.d J.1 (r -10) 
Equation 2.10 
Equation 2.11 
Where: P0 - P1 = pressure difference between the injection point and the flow 
front; r1 - r0 = radial distance between the injection point hole (r0) and the flow front 
(r) (Figure 2.8). 
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Figure 2.8: Schematic illustration of measured distance between injection point 
radial distance (ro) and flow front (r) 
Darcy's equation is then integrated, giving: 
J_iL.dr = JK(5P ).dr 
2w.h 11 & 
Equation 2.12 
Assuming Q, h and K are independent of r: 
Equation 2.13 
Integrating: 
Equation 2.14 
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When taking into account the radius at the injection point this becomes: 
-(lnr-lrlf;,)=-.ln- =-Q Q ( r J Kt5P 
2.n.h 2n.h 1(1 Jl 
Equation 2.15 
Therefore the final rearrangement for calculation of permeability from radial flow 
experimental measurements becomes: 
K - Jl.Q ln(!._J 
t5P.2.n.h r0 
Equation 2.16 
2.3.2.1. Calculation of Time to Fill for Radial Flow 
For radial flow, the calculation of time to fill for constant volumetric flow rate (Q) is 
very similar to Equation 2.4 for 1 D flow. Here, though, reinforcement volume must 
be calculated as a shallow cylinder with the injection point cylinder of material 
removed: 
Equation 2.17 
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For constant volumetric flow rate, this again should consider the proportion of 
saturation (S) and becomes: 
Equation 2.18 
In order to calculate the level of saturation averaged throughout a wetted 
reinforcement, comparison can again be made to empirical results retrieved from a 
steady-state experiment. This may then be employed within Equation 2.18 for a 
more accurate prediction of time to flow front. 
In comparison to constant volumetric flow rate, for constant injection pressure 'trt' is 
provided by the integrated reciprocal of flow-front velocity (Rudd, Long et al. 
1997): 
rPf.l [ 21n(~"rr/J 1{ 2 2)~ 
1/f = 2K~ ~"tr /ro -2 ~"tr - ro J 
Equation 2.19 
2.3.2.2. Comparison of Radial and 1 D Permeability Measuring Methods 
A large body of literature reports both one-dimensional and radial flow 
measurements, which highlights variations within the two techniques and also 
prompts discussion of many of the issues that may arise. A good starting point for 
reviewing the application of techniques is the "round-robin" study completed by 
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Lundstrom et al (2000), which compared one-dimensional and radial methods. 
Their experiments investigated repeatability and reproducibility, and involved 
comparison of their techniques within one laboratory and then repetition of the 
most successful technique across different laboratory locations. The following 
discusses this and other literature in order to compare the various issues and 
complications that need to be considered when adopting either method. 
The method suggested by Lundstrom et al (2000) chose the one-dimensional flow 
technique to be passed on for reproducibility comparison across laboratories. 
Various reasons were provided, these focussing on one-dimensional flow being 
more robust in terms of both application and mathematical manipulation of data to 
provide permeability results. Their conclusions also highlighted that the potential 
errors that arise from 1 D flow are far easier to understand than those arising from 
radial flow. 
Consideration has already been given to the mathematical manipulation of Darcy's 
law, therefore the following focuses on the physicalities of the experimental 
processes. 
Generic Sources of Error for both One-Dimensional and Radial Flow 
The physical limitations relating to these two types of flow are the geometry of the 
moulds and the ability to achieve mould closure with a sufficiently consistent cavity 
depth. This consistency is required for both calculation of 'A' within the Darcy 
equation (Equation 2.2) and also for calculation of v,, against which the 
permeability value is compared. 
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Static, systematic errors result from tolerances in the mould design and 
manufacture. The greater the cavity depth then the greater the allowance for 
tolerances; where, for example, a 1% error on a 10 mm cavity depth would amount 
to 0.1 mm. However, the depth also affects the relationship between volumetric 
flow rate and resulting pressure gradient, one of which must be maintained whilst 
the other measured. Mould distortion under both injection pressure and 
compression of the reinforcement sample potentially create additional random 
errors. Occurrence of this has been documented within literature, including: Carter 
et al. (1996) who observed deformation of their radial flow transparent mould top, 
at fibre volume fractions of above 0.5, and also within Buntain and Bickerton's 
(2003) novel radial flow method. 
lt is, of course, possible to manufacture a mould substantial enough to eradicate 
any significant deflection. However it is often necessary to be able to view the 
progressing flow front through the mould top, which somewhat restricts how this is 
done. Examples of the use of transparent moulds include: Seong et al's (2002) 
employment of a transparent acrylic resin (PMMA), 40cm x 1 Ocm x 1 cm one-
dimensional mould, to collect empirical data for development of the modelling of 
fibre stacks composing of differing permeability layers. Song et al. (2003) also 
employed the same experimental apparatus to measure a plain weave, balanced 
biaxial aramid reinforcement, again to support modelling; here being a control 
volume finite element (CVFEM) flow model. 
To avoid deflections in their radial tooling Lundstrom et al. (2000) employed an 
80mm thick PMMA mould top, which was clamped to the steel base via steel u-
beams torqued down to 40 Nm. Mention is not made of the measurement of any 
deflection for this radial tool, which is possibly unsurprising considering its 
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thickness, however they did measure the deflection of their four-cavity one-
dimensional mould. Here they found that an internal overpressure of 0.1 MPa (1 
bar) created a maximum cavity deflection of 1 %; therefore becoming potentially 
significant at relatively low pressures in comparison to RTM processing. However 
this equated to less than 1% in error for their permeability values and was 
concluded as not being a significant factor in their study. 
Pearce et al. (2000) also made efforts to reduce deflection. Here the mould was 
improved from previous experiments (Carter, Fell et al. 1996; Pearce, Guild et al. 
1998) by replacing the 20mm thick glass mould top with a 50mm toughened glass 
mould top. This consisted of a laminate of two 25mm toughened glass sheets, 
which have now been re-employed within a new design for the radial experiments 
conducted during this PhD project. Additional effort was made, by Pearce et al. 
(2000), to avoid deflection, which involved employment of a solenoid controlled 
pressure valve to maintain constant injection pressure at the resin reservoir. 
Luo et al. (2001) took a different approach to deflection. Their employment of a 
reinforced 1 Ocm thick Plexiglas mould top for radial flow tests was not capable of 
stopping deflection. To counter this potential error they placed clay blocks under 
the corners of the mould & subsequently measured these to retrieve the mould 
cavity depth during their tests. 
Sources of Error Involved in 1 D Flow Measurements 
Sources of error specific to one-dimensional flow are considered to be limited and 
relatively easy to understand. These stem from the presence of mould walls, along 
which the fluid flow may find preferential flow paths, and achievement of flow 
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parallel to the direction of the mould. In industrial practice these occurrences are 
always going to exist, although, of course, efforts would be made to correct this 
should a significant negative effect on part quality be seen. However, for 
experimental permeability measurements greater account of these are required to 
ensure experimental rigour and provision of robust permeability results. 
The first of these errors relates to sample preparation, where a loose fit of sample 
within a 1 D flow mould tool can result in preferential flow paths along the edges 
(Figure 2.9) referred to as 'race-tracking'. The result is incorrect placement of the 
flow front and therefore an incorrect pressure gradient and incorrect retrieval of 
permeability values. 
Injection 
Poorly fitted 
reinforcement sample 
Figure 2.9: (Plan view) Schematic illustration of race-tracking caused by ill-fitting 
samples within a 10 mould tool 
Parnas et al. (1995) and Luce et al. (1995) showed general awareness that many 
measurement issues are related to both sample preparation and handling, when 
they employed 1 D flow to investigate SRMs and heterogeneity of flow. However, 
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they do discuss that this is relatively a more serious issue with woven and CSM 
materials than CFMs where the continuous fibres and use of binders retain the 
structure. Lundstrom et al. (2000) briefly investigated, during their 'round-robin' 
experiments, the significance of individual sample preparation in comparison to the 
significance of variances in mould cavities. They did this by rotating two samples 
around the four cavities of their four-cavity one-dimensional flow mould (Figure 
2.1 0). They found a correlation between sample and permeability variance but 
none between mould cavity and permeability. This therefore provided an indication 
of the significance of sample preparation and handling over concerns regarding 
small errors in mould cavity dimensions. Although these findings relate specifically 
to their experiments, logically there is likely to be a far higher error from the cutting 
of a fibrous preform than from the machining and closure control of an engineered 
permeability measuring mould tool. 
~~p l[f I 
Figure 2. 10: Gebart et al's 4-cavity 1 D permeability tool 
(image: Lundstrom et a/, 1999) 
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Devillard et al's. (2003) study presented an approach to locate and define the 
strength of race-tracking. Their process involved simulating race-tracking 
disturbances within 'Liquid Injection Molding Simulation' (LIMS) software 
(University of Delaware 2004 ). The purposes here were to both optimise real-
mould sensor location and to develop a database of the ratio of race-tracking-
region permeability against overall "bulk" permeability. The optimised sensor 
locations were used to locate the sensors within a real mould, from which the 
results were compared to the simulated results for confirmation of the method. 
However, it should be noted that their results were limited due to their assumptions 
that the race-tracking was uniform and that the preforms had been correctly placed 
within the mould. Similar methodology was also employed by Lawrence et al. 
(2004) within the same institution, which resulted in a proposed method for the 
calculation of overall permeability that took into account significant race-tracking. 
'Race-tracking' issues are potentially a problem for both permeability 
measurement and the real-world processing of parts. Unfortunately, unless caused 
by either a specific problem with the mould or preform, race-tracking is considered 
to be impossible to predict (Devillard, Hsiao et al. 2003). However, Lundstrom et 
al. (2000) discuss that race-tracking need not be a major problem for 
experimentation as it can be visually detected when using a transparent mould 
tool, and therefore affected samples can be discarded from a data set. This 
approach was employed by Gebart and Lidstrom (1996) when first developing the 
four cavity mould (Figure 2.1 0) employed by Lundstrom et al. (2000). The situation 
is more serious for production RTM, where race-tracking may occur within an 
opaque mould tool and therefore reductions in part quality, and potential part 
losses may occur. 
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The second area of specific one-dimensional flow errors result from the 
permeability measurement of anisotropic materials when their principal axes (x 
and y) are not parallel with the mould's Cartesian (X' and Y) axes (Figure 2.5). 
This is therefore not directly relevant to this PhD project. In these cases it is 
possible for the flow to follow the fibre orientation rather than the direction of 
injection (Lundstrom, Stenberg et al. 2000). Effectively the result is two-
dimensional flow, as illustrated within Figure 2. 11. They also suggest an easy to 
follow, "relaxed rule of thumb" where the anisotropic ratio (Kx/Ky) of the 
reinforcement should not be more than twice the corresponding aspect ratio (x/y) 
of the mould. 
Injection 
Mould's x-axis 
Two-dimensional 
flow 
Off x-axis aligned fabric 
sample 
Figure 2. 11: (Plan view) Schematic illustration of possible two-dimensional flow 
caused by off-axis alignment of anisotropic samples 
Requirements and Sources of Error for Radial Flow Measurement 
Radial flow requires the injection point being either on the top or bottom surface of 
the reinforcement, which results in potential errors. These include lifting of the 
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reinforcement and race-tracking from the injection point and measurement of the 
dimensions of the injection point. Other issues relate to changing significances of 
issues as volume increases non-linearly with radial progression. 
Lifting of the reinforcement at the injection point during injection is especially 
prevalent in samples of low through-thickness permeability, and presentation of 
injection to one surface encourages a through-thickness, third-dimension element 
to the flow (Figure 2.12a). The lifting of the sample can result in the flow race-
tracking along the mould surface, which when combined with through-thickness 
flow can result in major errors regarding visual location of the flow front position. 
Additionally, the potential for excessive build up of pressure at the injection point 
(Buntain and Bickerton 2003) also has potential for distorting the mould. 
(a) Injection Point/ (b) 
Figure 2. 12: (cut-away side view) Radial flow without a central hole cut (a) and 
with a central hole cut (b) 
To avoid these issues a tactic often used involves the cutting of a central hole into 
the reinforcement sample. This allows the permeating fluid to be presented evenly 
through thickness (Figure 2.12b ). Examples may be found within the literature 
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where Parnas et al. (1995) employed a 12.7 mm diameter central hole and 
Lundstrom et al. (2000) having employed a smaller injection hole of 10 mm in 
diameter. 
However other sources of error exist and the use of a central injection hole plays a 
part in further complicating them. Those that are affected by the central injection 
hole may be grouped into two main areas. The first concern, which is of greater 
significance for anisotropic reinforcements, is the elliptical relationship between the 
inlet hole and the flow front. The second concern involves the difficulties of 
achieving an accurate measurement of the injection hole, due to the non-solid, 
fibrous edge of the cut fibre-bundles. Lundstrom et al's (2000) 'round robin' review 
investigated these issues and found that even with very high orthotropic ratios of 
10 the errors caused by unmatched inlet-hole and elliptical flow-front shapes were 
insignificant in comparison to errors caused by incorrect measurement of the inlet-
hole. 
Comment has been made that radial flow errors are more difficult to understand 
and quantify than one-dimensional flow. The non-linear increase in volume with 
radial progression results in a non-linear relationship between flow rate and 
pressure gradient, and also a decrease in significance of individual imperfections 
and discontinuities as radial distance increases. The expectation is for marked 
differences in the accuracy of permeability values obtained at varying radii from 
the inlet point. This is supported by the results provided by Lundstrom et al. 
(2000), where permeability values measured closer to the inlet-hole were affected 
to a greater degree by discontinuities than those towards the edge of the preform. 
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2.3.2.3. Novel Variations on the Themes of Radial and One-Dimensional 
Permeability Measurement 
Various novel approaches based around the two themes of 1 D and radial flow 
testing may be found within the literature. These provide novel solutions to many 
of the issues previously discussed. 
One-Dimensional Flow 
Gebart and lidstrom (1996) developed a four cavity mould tool (Figure 2.10), 
which could measure either four samples simultaneously, or three samples plus a 
reference material of known permeability, such as capillary tubes. This therefore 
removed the need for absolute measurements of pressure or viscosity as the 
different cavities could be compared against the reference material; this also dealt 
with issues of requiring a number of experiments to provide anisotropic 
permeability results. Their original use of this technique involved saturated flow 
using both vinylester (-200 mPa.s at 35°C} and a vegetable oil (-65 mPa.s at 
20°C) (Gebart and lidstrom 1996). 
Lundstrom et al. (1999) later compared the capillary tube reference material 
permeability against theoretical Hagan-Poiseuille results for tube flow and showed 
less than a 5% deviation between the two, concluding that this was a low cost and 
accurate method. Lundstrom et al (1999) also investigated the advantages, 
disadvantages and repeatability of the four-cavity tool. This was done by repeating 
experiments with samples from the same roll of quad-axial non-woven glass fibre 
reinforcement material, involving wetting flow measurements using vegetable oil, 
with the flow front positioned through the clear mould top. 
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During their "Nordic round-robin" study Lundstrom et al. (2000) again employed 
the four-cavity mould using three different liquids: paraffin based oil, vinylester and 
polyester; again measuring wetting flow through the transparent mould top. They 
further concluded that the technique: 
produced conformity between the cavities' depths, 
provided the lowest standard deviation for repeatability between the methods 
investigated, 
was affected by well-understood sources of error, as previously discussed 
here. 
Radial Flow 
Buntain and Bickerton's (2003) approach involved mounting of their mould tool 
within an universal testing machine. This applied continuous compression of the 
sample to drive the fluid (glycerol at 130 mPa.s at 25°C in this instance) out of the 
saturated reinforcement (Figure 2.13). This process involved pressure 
measurement at the centre of the mould and flow rate was calculated through 
consideration of rate of mould closure and the porosity volume change within the 
sample. This provided the major advantage of being able to measure permeability 
as a continuous function of fibre content and was proven to be fast and efficient 
with good correlation to conventional empirical testing for isotropic mats. 
Buntain and Bickerton (2003) did, however, find various limitations with their 
technique. This included a higher permeability than obtained by conventional 
methods. This deviation remained constant until a fibre volume fraction of 0.3 was 
reached for both CSMs and CFMs; from which point the deviation worsened. In 
addition, increasing the mould closure rate also resulted in an increasing error. 
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Figure 2. 13: Schematic diagram of the Buntain et a/ continuous compression 
driven flow technique (image: Buntain and Bickerton 2003) 
Interesting additional observations arise from Buntain and Bickerton's (2003) 
study. They noted that successive compressions of the same CSM and CFM 
samples returned significant drops in permeability. Therefore it may be concluded 
that permeability is also a factor of prior compressions of the reinforcement, such 
as would be expected towards the centre of a roll. lt may be anecdotally 
suggested that experimentally this effect may result from a significant amount of 
fibre realignment, or nesting, as well as possible damage to the fibres from the 
compression. 
The effect on reinforcements resulting from compression has been investigated for 
fabrics (Pearce and Summerscales 1995; Williams, Grove et al. 1998). Pearce and 
Summerscales (1995) conducted compression tests at 0.05 mm.min-1 of a 625 
g.m-2 plain weave E-glass fibre reinforcement. Their findings included a linear 
increase in the time required to reach a target pressure with each additional layer 
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added and a relaxation of the pressure required to maintain a constant fibre 
volume fraction, which was linearly related to the increase in fibre volume fraction. 
Williams et al. (1998) investigated the response of fabric reinforcements 
compacted by atmospheric pressure, under a flexible vacuum bag, as the 
progressing injected resin affected the pressure field. They concluded a complex 
compaction response, but suggested that the resin provided a lubricating effect 
allowing the reinforcement to nest and further compact. With respect to CFMs, 
Pearce and Summerscales (1995) referred to Quinn and Randall (1990) who 
provided an empirical relationship between fibre volume fraction and pressure: 
Equation 2.20 
Where, for an E-glass Continuous Filament Mat: k1 = 9. 7 and k2 = 0.37 
Previous discussion has highlighted the use of clear mould tops for the 
identification of the flow front for elliptically spreading radial flow. Moving beyond 
this, the use of dielectric sensors for flow front placement within RTM was 
validated by both the Skordos et al (2000) and the Motogi et al (2000) papers. 
Talvensaari et al (2005) then implemented these to investigate the permeability of 
stitched preforms by locating the flow front accurately via the dielectric properties 
of the permeating fluid; with the injection pressure measured conventionally by a 
centrally mounted pressure sensor (Figure 2.14 ). Although advanced and accurate 
it should be noted that tool manufacture and sensing equipment are prohibitively 
expensive for many permeability measuring applications. 
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Figure 2. 14: Schematic of the use of flow front positioning sensors within a radial 
flow mould tool (Image: Talvensaari et al., 2005) 
Three-Dimensional Flow 
To this point discussion has focused on in-plane permeability, therefore allowing 
the reinforcements to be considered as either quasi-isotropic or anisotropic. In 
comparison with resin infusion, where through-thickness (transverse) flow is an 
important element, RTM involves relatively thin parts and in-plane injection and 
therefore 30 flow does not generally require consideration (Luce, Advani et al. 
1995; Buntain and Bickerton 2003). However, RTM applications do occasionally 
involve localised areas of increased thickness, complex geometries and laminates 
of varying permeability layers, which may result in transverse flow. 
Luce et al. (1995) employed a one-dimensional flow mould tool consisting of clear 
plastic sides, top and bottom. This allowed the flow front to be viewed as it 
progressed through varying permeability layers within the laminate. They 
witnessed a sink effect between the foremost and hindmost flow fronts , and 
commented that this was "non-Darcian". This phenomenon was also discussed by 
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Wang and Grove (2008), who developed a dual-scale model to include sink 
effects. In summary, the conclusion was that this non-Darcian flow meant that 
Darcy permeability for each layer could not be obtained from direct measurement. 
Nedanov et al. (2002) proposed a method for simultaneous provision of the three-
dimensional permeability vectors. Their equipment involved video imaging and use 
of an inclined mirror in order to record both the in-plane and through thickness flow 
front progressions. This method used a vacuum bagging approach and a feed of 
dark-tinted resin onto the top of the reinforcement sample at the centre of the 
radial mould. The measurements included visual identification of the in-plane flow 
via the elliptical shape of the flow front seen on the top of the sample, for in-plane 
permeability, and for the bottom of the sample for transverse flow. They also 
measured volumetric flow rate by mounting the resin supply on a sensitive balance 
(Figure 2.15). 
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Figure 2. 15: Schematic representation of Nedanov et at's (2002) three-
dimensional permeability experiments 
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Stoven et a1.(2003) employed ultrasound as a non-destructive method. This 
involved an acoustic pulse sent transversely through the reinforcement and the 
time of flight (TOF) of that pulse, which indicated the flow front position as the flow 
progressed in the through-thickness direction. However at the time of their 
experiments they assumed a linear flow front progression with no spreading of 
dual-scale (intra and inter-bundle) flow, which they proved relevant only when 
capillary effects are negligible. 
Although not strictly three-dimensional, investigation into the measurement of 
through-thickness flow has been recently conducted by Scholz et al. (2007). This 
work relates to the use of gases as permeating fluids, therefore it is discussed in 
more detail in reference to gas flow permeability measurement later within this 
chapter. Another work that employs a novel approach to through-thickness 
permeability measurement has been presented by Wu and Li (2007). Their 
techniques involved winding of fabric tape and then injecting into the centre so that 
radial flow would progress in-plane but also transversely through each layer of 
tape (Figure 2.16). A variety of obvious concerns exist involving how tightly wound 
the tape is, and comment was made for the requirement of further studies to 
validate the results (Wu and Li, 2007). 
Figure 2. 16: Sample preparation of woven tape and fibre-glass roving tape (image: 
Wu and Li 2007) 
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2.3.3. Flow Characteristics (Wetting vs. Saturated Flow) 
The first step beyond the umbrella techniques of radial or 1 D flow is to determine 
whether the flow should be wetting or transient. Wetting flow involves the 
measurement of the transient flow front as it wets through the reinforcement, and 
saturated flow involves measurement behind the flow front where the 
reinforcement has been wetted out. 
2.3.3.1. Wetting Flow 
Real-time RTM processing is not truly represented by saturated flow 
measurement, which is therefore the main argument to support the use of wetting 
flow methodologies. However, the use of wetting flow then raises the potential for 
many either poorly understood or hard-to-control random errors, which affect the 
ability to obtain reliable measurements. 
Flow Dynamics at the Flow Front 
The displacement of one fluid (generally air enclosed in the mould tool) by the 
permeating fluid requires consideration of fluid dynamics at the flow front. 
Molecules within a liquid are attracted by secondary chemical bonds, or attractions 
(i.e. Van der Waals and hydrogen bonding). At the surface these molecules are 
attracted by the liquid's molecules towards the liquid, therefore the liquid has a 
tendency to form the smallest surface area possible. Therefore a shallow contact 
angle between the liquid matrix and the reinforcement surface suggests a liquid 
with a comparatively high wetting capability. 
The wetting angle of the permeating liquid (8) is related to interfacial tensions (y) 
at the three interfaces of fibre-matrix (Vrm). fibre-atmosphere (Vra) and matrix-
atmosphere (Vma). via Young's equation (Michaud and Mortensen 2001 ): 
90 
Pemu;al>ifitv CharacierisAtion of Continuous Filament Mats for Resin Transfer Moulding ChApter 2 
Equation 2.21 
Michaud et al. (2001) also provide the calculation for pressure drop across the 
fluid's flow-front (LlPy}. where a negative result signifies a driving pressure gradient 
and therefore a wetting system: 
Equation 2.22 
Where: Av = resin-fibre interface area per unit volume of composite 
The wetting angle is generally considered to be low and as such cos e approaches 
1. lt is therefore the resin's surface tension that determines the magnitude of the 
pressure drop across the resin's flow-front and hence this driving force for the flow. 
In consideration of the polyester resin focus of the RTM of CFMs, a 'worst case' 
calculation may be made using typical values for un-cured epoxy. With surface 
tensions of between 30 and 40 mN/m the capillary pressure drop remains within 
the kPa (m bar) range (Michaud et al. 2001 ). 
These values may be considered in relation to both macro-scale flow and micro-
scale flow; these being at the transient resin flow front and at the infiltration of fibre 
bundles (or tows) respectively. Overall porosity ( 1-Vr) is greater than the porosity 
within closely packed bundles, therefore 'Av' per pore may be considered to be of 
a lesser value on the macro scale, due to the exponential relationship of a pore's 
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cross-sectional-area with pore diameter in comparison to pore perimeter. The 
result of this discussion is that the capillary flow created pressure gradients reduce 
exponentially with an increase in pore size (Equation 2.22) and therefore are of far 
greater significance for wetting-out fibre bundles than for wet-through of inter-
bundle areas. 
Although relatively simple to calculate for static situations, where the flow is not 
driven on the macro-scale, the significance of capillary pressure within the 
permeability coefficient (K) is extremely complicated. This is because as the macro 
flow progresses then there exists a sink effect into the fibre bundles. The 
volumetric flow rate and the pressure gradient, which are all linked through 
permeability, then control the spreading of the two scales of flow (inter and intra-
bundle flow) (Wang and Grove 2008). This in turn results in a dynamic additional 
pressure gradient between inter and intra bundle regions that is in addition to the 
capillary, surface-tension driven flow. 
To defend the hypothesis of inter-bundle flow travelling more quickly than intra-
bundle flow, reference may be made to the Poiseuille model for flow within closed 
pipes. By assuming that inter-bundle flow may be represented simply as a circular 
cross-sectioned pipe with no consideration of wetting capabilities, Equation 2.23 
shows that for a reduction in pore-radius there must be an exponential increase in 
pressure gradient so as to maintain a constant volumetric flow rate. Therefore, as 
the pressure gradient decreases with flow progression, the intra-bundle flow will 
decelerate faster than the inter-bundle flow. 
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Equation 2.23 
Where: r =pore radius; Lr =pore (or tube) length 
Relation of Flow Dynamics at the Flow Front to Potential Errors with Wetting 
Flow Methodology 
Within RTM processing the situation involves displacement of air by a resin 
system, however within permeability experiments the general preference is to use 
a representative fluid to physically model the flow. Therefore an effect will exist 
dependent on the fluid type used, although the significance of this effect remains 
open to argument. 
Consideration should be made of the two scales of porosity present within 
reinforcement materials. Flow progression within both intra and inter-bundle areas 
differs, which is affected by the type of fluid, the size and distribution of the pores 
within the specific material and the flow velocity. This may be related to the 
significance of capillary flow relating to both pore size and specific fluid and the 
compression of the reinforcement, which in turn alters pore distribution and 
accelerates flow velocity for constant volumetric flow rates. The result is a 
spreading of the flow on two scales as it progresses, and in terms of flow front 
positioning a spreading of the gap between the flow front and the point of 
saturated (or pseudo-saturated) flow. 
As with all permeability measurement there is a need for the measurement of 
pressure gradients and flow rate. However, for wetting flow there are no steady-
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state measurements as both the pressure gradient and flow front velocity vary with 
flow progression; it is therefore necessary to measure the position of the flow front 
against time. The issue here is that if there is a substantial unsaturated area 
behind the visible flow front then the flow front position will be complex. In addition 
it is also important to note the difficulties, in practice, of measuring a flow front with 
a non-uniform edge. 
Use of Optical Fibres for Flow Front Location 
An empirical technique for accurate flow front positioning using wetting flow has 
been presented by Tuccillo et al. (2005). Their discussion involves the 
employment of optical fibres between the layers within reinforcement stacks. 
These fibres are approximately an order of magnitude larger than individual glass 
fibres (1 00-1401Jm, according to Truccillo et al., 2005) and therefore, in 
comparison to fibre-bundles or tows, pose no significant issues with a composite 
component's properties. As such it is possible to employ these within the RTM 
processing of real-time composite parts where the optical fibres are retained within 
the finished component. 
Their process involves use of a laser light source and measurement of the back-
reflected laser beam using a photodiode. The measured parameter is therefore a 
function of the refractive index of both the optical fibre and the resin (Tuccillo, 
Antonucci et al. 2005). The results included a measure of flow distance and time, 
which were then compared against the measured injection pressures to obtain 
permeability. 
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Of additional note was the requirement to consider the non-isothermal conditions 
which occur in a curing resin system. This was managed by correlation of 
calorimetric analysis of epoxy with the fibre optic sensor readings, to provide a 
conversion factor. Comment was made regarding large variations in their results, 
with suggestions provided for minimising but not eliminating the effects causing 
this. This therefore highlighted the requirement for further work and refinement of 
this technique. 
An additional novel approach by Talvensaari et al's (2005) has already been 
discussed previously within this chapter. This approach provided measurement of 
flow front progression using automated equipment, therefore removing the need 
for visualisation of the flow front. 
2.3.3.2. Saturated Flow 
The measurement of permeability using saturated flow may involve either dynamic 
or steady-state flow, respectively depending on whether measurements are taken 
behind a progressing flow front or where a mould is allowed to overflow through an 
open end. Either case is simpler than wetting flow as the reinforcement may be 
assumed to have reached the maximum saturation for that reinforcement under 
those injection situations (pseudo-saturated). 
In steady-state situations, where the mould overflows, the measurements remain 
steady-state. However in dynamic situations, where the flow front progresses and 
measurements are retrieved in the saturated region behind the flow front, then two 
situations may exist. Firstly, when a constant volumetric flow rate is used then, 
although pressures at individual points will change, the pressure gradient between 
95 
Chapter 2 PermeabilitY Characterisation of Contjnuous Filament Mats for Resin Transt'er Mouldinq 
two points does not change; therefore this may be considered as pseudo-steady-
state. This allows measurements of flow rate and pressure gradient to be 
averaged with the variance then providing a measure of fluctuation in the 
experimental equipment. Secondly, when a constant injection pressure is 
employed the flow rate no longer remains constant and both flow rate and 
pressure gradient become a function of time and distance from the injection point. 
The main issue relating to the use of saturated flow regards radial permeability 
testing of anisotropic materials, where the difficulty is relating the pressure field 
within the mould to the elliptical progression of the flow front. This is, however, 
achievable using an array of pressure sensors to define the aspect ratio of the 
pressure field and mathematical considerations. This aspect ratio for the pressure 
gradient may then be used to define the permeability proportions (K1 and K2) of the 
saturated permeability tensor (Griffin 1995). 
2.3.3.3. Comparison of Wetting and Saturated Flow 
Breard et al. (2003) who refer to Breard's own PhD thesis (Breard 1997), provided 
the difference in permeability between wetting and saturated flow with a 
permeability ratio of 0.4 for unidirectional fabrics and 0.8 for mats. These figures 
appear questionably high; however Breard et al. (2003) do discuss that in-plane 
permeability measurements conducted by various authors "do not always produce 
coherent, comparable and reproducible results for the same reinforcements". They 
further reiterate the "classical" explanation that results differ when flow rates are 
high, which result in nonlinear effects, or when flow rates are low, which increase 
the significance of capillary driven flow. 
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From a broader review of the literature, however, Dungan and Sastry (2002) have 
compiled data from various authors for comparison of the use of wetting and 
saturated flow. They show that generally there are differences between the 
permeability values obtained, however the difference is not uniform and the ratio 
between saturated and wetting results varies either side of one. lt may be 
concluded that it is not possible to ascertain a clear generic difference between 
wetting and saturated flow from a literature review. However this was to be 
expected considering the wide range of reinforcement materials, measuring 
techniques and flow rates investigated by different authors, which does not 
necessarily invalidate Breard's (1997) findings. 
Dungan and Sastry (2002) do, however, refer to various possible causes that have 
been presented for differing permeability between wetting and saturated flow. 
These include "channelling" on two scales (inter or intra bundles), capillary effects 
and blocking of pores by entrapped air. The former occur where disruption of the 
fibres is caused by the force of the flow, therefore producing preferential flow 
paths, which was also discussed by Rodriguez et al. (2004) in relation to their 
study of natural fibres. 
Dungan and Sastry's (2002) own findings were that permeability was lower for 
wetting flow due to the process of the wetting out of the tows with flow front 
progression, as opposed to saturated flow where the tows are already wetted out. 
This is the opposite of the expected exaggerated permeability caused by 
overestimation of the flow front position. However, again care should be taken to 
recognise the specific relation of findings with specific investigations. 
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2.3.4. Injection Techniques (Constants of Injection Pressure or Flow Rate) 
A further method for descriptively sub-dividing permeability testing relates to the 
control of the flow into the reinforcement using either constant flow rate or constant 
injection pressure. 
Deleglise et al. (2005) reported that constant injection pressure may be considered 
the cheaper option for real-time RTM processing, due to the simple use of 
pressure pots in comparison to the expense of volumetric pumps or pistons. In 
addition, a controlled injection pressure also avoids excessive build-up of intra-
mould pressure, as opposed to a constant volumetric flow rate that requires an 
increase in pressure to maintain the gradient as flow progresses. 
However, controlled flow rates are often used within industry, especially for larger 
production runs that support the expense of automated machinery. Examples 
include this PhD's sponsor (MVP 2008) who produce injection equipment for RTM 
with pressure sensors mounted within the mould and a feedback system that 
automatically controls the pump rate (Figure 2.17). This avoids the potential issue 
of high intra-mould pressure, however, this of course no longer provides a 
constant volumetric flow rate and does become a hybrid of both of the approaches 
of controlled injection pressure and flow rate. 
There is also a persuasive argument against employing constant injection 
pressure for experimental purposes. Relating to this argument, Breard et al. (1998) 
observed inaccurate permeability measurements when using a constant injection 
pressure, finding a dependency of injection gate pressure on injection time. 
Deleglise et al. (2005) investigated the cause of these inaccuracies, discussing the 
lack of consideration of the presence of the feeder tube between the point where 
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the injection pressure is applied to the fluid, and the mould injection gate. 
Comparison of the Darcy and Poiseuille formulas can be used to illustrate the 
issue here, where there is the presence of two pressure gradients across both the 
feeder tube (Po 7 P1) and the sample (P1 7 Patmosphere) (Figure 2.18). This results 
in a non-constant pressure at the injection gate as the flow front progresses. 
PVSensor 
mould 
machine 
closed loop 
control 
"Turbo 
Autosprue" 
(resin feed 
supply) 
Figure 2. 17: Promotional diagram of Plastech T. T. Ltd's PV sensor controlled RTM 
injection pumps (image: MVP 2008) 
DeiE~glise et al. (2005) proposed a solution for the prediction of accurate filling 
times for these pseudo-constant pressure situations. The work here involved 
simulation with the LIMS (University of Delaware 2004) modelling software, which 
resulted in indicating the success of her proposal. However, the significance of this 
phenomenon was questioned at the 2005 SAMPE conference in Paris (Deh§glise 
2005) due to the extreme geometries used for the experimental validation in this 
paper. These geometries included a long pipe length (10m) with a small diameter 
feeder tube (8mm diameter), therefore maximising the sensitivity of the pressure 
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drop within that tube (Po - P1) to changes in flow rate. However, DeiE~glise 
defended this as having been exaggerated for experimental purposes in order to 
prove the phenomenon. 
Pa (constant) 
Q (non-constant) 
p1 
(non-constant) P atmosphere (constant) 
KA8P Q=---
f.l & 
Figure 2. 18: Schematic illustration of constant injection pressure issues 
To summarise, use of constant injection pressure, although avoiding excessive 
intra-mould pressure build-up, potentially provides a source of error. Although this 
can be dealt with mathematically, constant volumetric flow rate offers a more 
robust approach for permeability experimentation. 
2.3.5. Types of Fluid 
The limitations of Darcy's law to describe only Newtonian, non-shear thinning 
fluids have been discussed previously. Due to this, common practice in 
permeability testing involves the use of various Newtonian fluids to physically 
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model resin flow, with the added advantage of not needing to deal with a curing 
resin within both the mould tool and related tubing. 
Disagreement as to the significance of the effect on permeability results of using 
different fluids has been noted. Lundstrom et al. (2000) refer to Steenmaker's 
(1995) observation of permeability increasing with a change of fluid from 
syrup/water, through vinylester to motor oil. However they also refer to Hammond 
and Loos (1997) who showed no variation in permeability with variation in capillary 
number and the contact angles of water, corn oil and epoxy. Capillary number 
(Equation 2.24) represents the relationship between dynamic viscosity, flow 
velocity and interfacial tension (y), where 'y' is the amount of work needed to form 
an area of new interface (i.e. spread of flow to fill pore space). 
Ca = J11r 
Equation 2.24 
Luo et al. (2001) also discussed disagreement in the literature, relating Hammond 
et al's (1997) negative findings to Williams et al. (1974) and Steenmaker's (1995) 
relation of permeability to the wetting capabilities of various fluids. Luo et al. (2001) 
then conducted their own investigation of the permeability of both a plain glass 
weave and a glass weft knit using silicone oil and corn syrup (with respective 
surface tensions of 22.2 ± 0.2 and 68.1 ± 0.4 mN.m-1 (or mJ.m-2 in interchangeable 
units)). However, their findings showed that although there were obvious 
differences in wetting capability, overall variation in permeability was insignificant 
in comparison to experimental spread of permeability results. Experimental 
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techniques are therefore considered to be the limiting factor, which may be used to 
defend the lack of significance of employing different fluid types within permeability 
testing. 
2.3.6. Measurement of Permeability Using Gases 
The development of an efficient airflow permeability measuring technique for 
CFMs was of primary interest to this PhD's sponsor and also a major element of 
this project. Here the potential for using gases to measure Darcy permeability 
provides a variety of advantages over the use of liquids: 
Lower injection pressures and therefore lower resultant internal mould 
pressures, due to the low viscosities of gases. This enables lighter weight 
tooling where mould deflection is less of an issue. 
Ease of fluid supply via air compressors or bottles of compressed gas; the 
former presenting no fluid storage or wastage issues. 
Reduced requirements for protecting sensitive equipment, due to the reduced 
corrosive effects, conductivity and the cleanliness of gases in comparison to 
liquids. 
General cleanliness and therefore reduction in both experimental time, 
inconvenience of testing (including health and safety issues) and sample 
disposal. 
Non-destructive testing of the samples, and therefore potential for in-situ real-
time use prior to the processing of composite parts. 
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The majority of permeability measuring standards that use air flow (listed in-
exhaustively at the start of this chapter) employ Frazier Differential Pressure Air 
Permeability equipment (Figure 2.19), developed by the U.S. National Institute of 
Standards and Testing (NIST). This is claimed to be the standard testing 
equipment, within the USA, for these listed forms of testing (QualitestTM, 2007); 
such as, for example, Mohammadi and Banks-Lee's (2002) permeability 
measurement of heterogeneous glass and ceramic non-woven fabrics. 
Figure 2. 19: Frazier differential pressure air permeability testers 
(image: Qualitest International/ne. 2003) 
Another example of the measurement of gas permeability, which relates to the 
field of composite materials, is the work of Choi and Sankar (2008). Their 
experiments, however, relate to the permeability of graphite-epoxy composites to 
highly pressurised liquid hydrogen as used for cryogenic storage tanks within 
space craft. This involves permeability measurement of materials that are 
desirably impermeable and therefore deal with vastly different orders of magnitude 
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in terms of pressures and flow rates to those of interest here. Choi and Sankar 
(2008) follow the ASTM 014382 standard test method for these experiments, 
using the equipment shown in Figure 2.20. However, it is important to note that 
this measures a gas transmission rate rather than Darcy permeability. Although, of 
course, this combined with pressure gradient measurements may allow for Darcy 
permeability to be derived. 
Figure 2.20: Graphite-epoxy permeability to hydrogen testing apparatus (image: 
Choi and Sankar 2008) 
Frazier permeability testing involves a similar situation, where permeability is 
measured as velocity of air flow. These methods therefore suit the measurement 
of parameters such as the breathability of fabrics to air; rather than Darcy 
permeability coefficients that focus on characterising the porous medium 
irrespective of the permeating fluid. 
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Investigations into the use of air and other gases for the physical modelling of 
resin flow, through fibre reinforcements, do exist and have been documented in 
various publications (Hwang, Urn et al. 2000; Liang, Zhang et al. 2000; Urn, Daniel 
et al. 2001; Kim, Opperer et al. 2002; Ding, Shih et al. 2003; Kim, Opperer et al. 
2003; Opperer, Kim et al. 2004; Kim and Daniel 2005; Scholz, Gillespie Jr. et al. 
2007). These have been conducted for a variety of purposes, some of which have 
provided a Darcy permeability for the reinforcement: 
The Hwang et al. (2000) conference paper, later published within Polymer 
Composites (Urn, Daniel et al. 2001 ), proposed gas flow as a new method for 
Darcy permeability measurement of reinforcement materials. Their experiments 
involved centrally injecting rectangular samples of a plain weave fibreglass fabric 
(HEXCEL 7500), using nitrogen as the permeating gas. 
Due to the resulting radial flow it was necessary for their work to derive an 
expression for the mass flow rate through rectangular preforms, which involved 
consideration of the in-plane anisotropic permeability ratio of the reinforcement. 
Their method used an iterative process where liquid experiments were first 
necessary to approximate the degree of in-plane anisotropy of the reinforcement, 
which determined the shapes of the reinforcement samples. The degree of 
anisotropy was then approximated so as to allow calculation of permeability from 
mass flow rate and inlet pressure measurements, which was iterated until the 
variation of permeability was minimised. Their experimental schematic is included 
as Figure 2.21, which illustrates the different sample shapes used for 
measurement of the permeability vectors (K1 and K2) and their use of temperature 
control to avoid the effects of temperature on viscosity. 
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Figure 2.21: Schematic illustration of Hwang et al's. novel gas permeability 
measuring experimentation (image: Hwang, Um et al. 2000) 
Liang et al. (2000), and subsequently Ding et al. (2003), addressed the advantage 
of enabling in-situ permeability measurement prior to real-time part manufacture. 
This potentially would allow study of issues affecting part quality, such as race-
tracking, to be addressed for individual mould loadings prior to processing. Their 
study proposed a novel one-dimensional gas flow permeability measuring 
technique that included consideration of the pressure field . This therefore allowed 
localised variations in permeability to be measured. Their experimental apparatus 
is schematically shown in Figure 2.22, and pressure sensor array illustrated in 
Figure 2.23. 
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Resm pump 
Cn wt"'r?. 
Data acquisition 
and processing 
Figure 2.22: Schematic illustration of Liang et al's. pressure field considering 
(image: Liang, Zhang et al. 2000) 
Figure 2.23: Array of pressure transducers (image: Ding, Shih et al. 2003) 
To illustrate the effectiveness of their proposed method, Figure 2.24 provides 
graphs illustrating the pressure fields measured by Liang et al's (2000) 
experiments. These show comparisons of pressure fields, including measured and 
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simulated defect-free preforms (a and b respectively) and measured pressure 
fields for a sample that included a purposely-added centrally positioned defect. 
; reu.t•t 1 =>t, 1 
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(a) 'f •·" • 
Figure 2.24: Liang et at's pressure field graphs: a) measured defect-free preform; 
b) simulated defect-free preform; c) measured preform with a centrally positioned 
defect (image: Liang, Zhang et al. 2000) 
Kim et al. (2002) also employed a permeability measuring mould with multiple 
pressure sensors, and tested a CFM reinforcement produced by Owens Corning 
(M861 0: as described in Chapter 1 ). The purpose of their work was to consider 
inertia effects caused by variation in Reynolds' numbers resulting from differing 
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flow rates. Their experimental apparatus involved corner injection of a square 
mould, with vent point at the diagonally opposite corner (Figure 2.25). 
Pressure 
transducer 
• 
• 
Panel meter 
Needle valve 
• 
M old 
Preform 
• • 
Pressure tap array 
Flow controller 
Copper tube co11 
Figure 2.25: Schematic of Kim et al's corner injected permeability measuring 
experiment (image: Kim, Opperer et al. 2002) 
Kim et al. (2003) continued their use of this apparatus to investigate in-situ preform 
defects prior to injection. Again they investigated the Owens Corning CFM 
reinforcement mentioned above, and compared the results from artificially created 
defects with computed results. Their aim here was to identify types of defects 
using this method. Opperer et al. (2004) successfully characterised preform 
defects, which had been previously only identified by Kim et al (2003). Here they 
used their experiments to create a database against which in-situ measurements 
could be compared in a statistically robust manner so as to characterise existing 
defects within the in-situ preform. Here Opperer et al. (2004) claim advantages 
over Liang et al's. (2000) work as their method involved retrieving data from the 
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existing injection gates and vent ports, rather than the previous work that involved 
modification of RTM tooling to include the array of pressure sensors. 
Kim and Daniel (2005) discussed the extensive number of experiments required to 
obtain the quantity of data needed for the Opperer et al. (2004) database. They 
then proposed a transient, rather than steady-state, method where a larger 
amount of time-varying data could be obtained from a single test. The method 
here involved pressurising a mould and then venting the mould to atmosphere. 
Here, pressure versus time measurements could be measure by the many 
pressure transducers within the mould, as shown in Figure 2.26. Therefore the 
experiment provided the pressure differential as a function of both time and 
distance and the pressure gradient as a function of time at different points within 
the mould. 
s ure transducer 
electncal wiring 
. tubmg 
pressure regulator 
-----;signal conditioner~ 
relay~-­
PC with 0 /A and AID 
Figure 2.26: Schematic of Kim & Daniel's experimental method 
(image: Kim and Daniel 2005) 
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Kim and Daniel's (2005) experiments investigated an uni-directional reinforcement 
reference material. Here one-dimensional flow was employed for simplicity, with 
four methods for simulating local defects. These included: 
1. Use of tacky tape to restrict race-tracking at the mould edges; 
2. No tacky tape, so as to simulate a normal injection situation; 
3. An artificially created 0.2mm gap along the mould edge, used to encourage 
race-tracking; 
4. A piece of paper inserted on top of the reinforcement between ports 2 and 
3, so as to simulate a major defect within the preform. 
The pressure gradients, as a function of time, for each of the transducer positions 
were then used for comparison with real-time RTM injection situations. 
Scholz et al's (2007) work differs from the previous discussions in that here 
measurements were made of transverse (through-thickness) permeability, thus 
focusing on infusion processes rather than RTM. Here they developed a 
permeability measuring tool that allowed for a variable mould cavity depth and the 
use of either gas or liquids as the permeating fluids. 
An undergraduate project similar to Scholz et al's (2007), although less refined in 
terms of equipment, was undertaken at the University of Plymouth during the 
2007/08 academic year. The findings were not robust enough for presentation 
here, however issues were experienced that related to the obstruction of flow 
caused by the presence of closure plates. Observation of Scholz et al's (2007) 
equipment design in Figure 2.27 suggests that the orange plates would also 
provide an obstruction to flow and therefore create a permeability error. Some 
consideration is given to this within their work, which involves use of LIMS to 
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predict out-of-plane flow effects. However, it is not fully clear how this issue was 
dealt with . 
Figure 2.27: Through-thickness gas/liquid permeability measuring tool (image: 
Scholz, Gil/espie Jr. et al. 2007) 
2.3.6.1. The Use of Gas Flow to Model Resin Permeation 
When employing a gas to represent resin flow, various issues exist. These include 
the markedly different chemical and physical properties of gases, in comparison to 
liquids, and also the compressibility of gases. 
When either air or another gas displaces existing air there is no significant change 
in fluid phase. No physical and chemical interactions occur at the flow-front, which 
would not be the case when injecting a liquid. The lack of physical interactions 
relates to both complete (100%) saturation and a lack of any wetting phenomena, 
and the lack of chemical interactions relating to the lack of dissolving of binders 
and the chemical bonding of a liquid matrix and sizing. 
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As compression of a gas results in changes in density, and therefore volume, 
volumetric flow rate and viscosity, compressibility requires potentially more 
significant consideration. The main sources of error are discussed below as 
separate sub-sections. 
Compressibility of Gas-Flow 
The volume of a gas is related to both pressure and temperature via the combined 
gas law (Equation 2.25). 
?Vol.= mRT 
Equation 2.25 
Where: Vol. = volume; T = absolute temperature of a gas; m = mass of the gas; R 
=specific gas constant (286.9 Jlkg.°K for dry air) 
Scholz et al's (2007) approach to dealing with the compressibility of gases 
involved the inclusion of the ideal gas law within the Darcy equation (Equation 
2.26). 
mRT KA r5P 
=---p j.1 & 
Equation 2.26 
Where: n1 = the mass flow rate; K = permeability. 
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Reynolds' number (Equation 2.27) describes the type of flow (creeping, laminar or 
turbulent) within a fluid with a dimensionless number (Massey 1968), related to the 
inertia effects within the flow. 
Re= piu 
J.l 
Equation 2.27 
Where: Re = Reynolds' number; p = fluid density; I = reference length; u = flow 
velocity; Jl = dynamic viscosity. 
The equation requires fluid parameters with an arbitrary reference length. 
Generally this refers to either the length of a solid surface or the pipe diameter 
over or through which a liquid flows. Therefore reasonably well defined Reynolds' 
numbers exist to describe the threshold values between flow types. However, 
within composite materials' research this reference length appears to be less well 
defined. Although the obvious choice would be the diameter of the flow paths 
through which the resin passes, as these will be affected by changes in fibre 
content and distribution, quantification of the distribution of pore diameters is not a 
simple task. What is employed as the reference length is therefore somewhat less 
clear. A common, quantifiable, reference parameter such as fibre diameter may be 
used, as seen within literature (Kim, Opperer et al. 2003), or an arbitrary 
representation of an average pore diameter may also be employed. 
lt is suggested that for Darcy's law to remain valid, Reynolds' numbers should 
remain below 1 (Michaud and Mortensen 2001 ). For FRP closed mould processes 
this should be based on localised flow rates, rather than macro-averaged flow, and 
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arbitrary pore diameters. This is supported by Ding et al. (2003), who state that 
flow characteristics for LCM processes fall into the creeping or laminar flow range, 
and tend towards Reynolds' numbers of between 0.005 and 0.02. However, it is 
important to note that the flow velocity used to calculate the Reynolds' number 
should be localised, three-dimensional flow and not the macro average one-
dimensional flow velocity at the flow front. Therefore it is important to consider the 
driving pressures and resultant flow velocities to attempt to ensure that laminar 
flow is not exceeded and that inertia effects do not become an additional issue. 
Reynolds' Numbers relating to Gas-Flow Permeation 
Although Reynolds' numbers have been suggested to be between 0.005 and 0.02 
for LCM processes, such low values are not necessarily required, as Michaud and 
Mortensen (2001) state that Darcy's law is considered to be satisfied when 
Reynolds' numbers are below 1. In addition, it is considered that at Reynolds' 
numbers of below 0.1 not only inertia effects but also the compressibility of gases 
may be ignored (Nilsson and Stenstrom 1997; Ding, Shih et al. 2003), suggesting 
that the flow of gases will remain laminar, Newtonian and non-shear thinning. lt 
also suggests that gas density change will be insignificant where these low 
Reynolds' numbers exist and therefore volumetric flow rate errors remain merely a 
factor of measurement limitations. 
To illustrate where efforts have been made to maintain low flow rates and avoid 
inertia effects or compressibility issues, the literature documents various flow rates 
and equipment used. Of course these flow rates, pressures and resultant 
Reynolds' numbers are specific to both the materials tested and the dimensions of 
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the moulds. However, they do indicate that these issues have been considered. 
These are included within Table 2.1: 
Reference Volumetric Flow Rate (m3/s) Reynolds' Number 
Ding et al. (2003) 3.33 x 10·5 m3.s·1, 0.015 -+ 0.06 
Kim et al. (2003) 1.67 x 10·7 m3.s·\ == 0.001 
Um et al's (2001) < 3.3x10·
5 m3.s·1 Unspecified (Omega FMA-2407 flow meter) 
Table 2.1: References to the literature where low gas-flow rates are mamtamed 
Although the discussion so far has focused on the maintenance of Reynolds' 
numbers low enough to avoid turbulent flow, Kim et al (2002) suggested that 
Darcy permeability is still dependent on Reynolds' numbers even when these are 
very low. They compared experimental permeability results of a CFM, at 39% fibre 
content, at two flow rates against computed control volume finite element modelled 
(CVFEM) values. Their graphical results of permeability dependency on Reynolds' 
numbers are presented here as Figure 2.28, where case A employed a flow rate of 
1.67 x 1 o-7 m3.s·1 flow rate and case B a flow rate of 3.33 x 1 o-7 m3.s·1. 
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Figure 2.28: Kim et al's plotted relationship between permeability and Reynolds' 
numbers (image: Kim, Opperer et al. 2002) 
Kim et al. (2002) then proposed a method that determines permeability with 
consideration of the resultant inertia effects. Their statistical analysis of the 
difference between the measured and computed results provided a equation for 
calculating permeability with consideration of Reynolds' numbers. A cautious 
comment, though, should be made regarding the Kim et al (2002) study. Although 
there is a difference between the Owens Corning M861 0 CFM material (Owens 
Corning 2006), used in their study, and the Unifilo CFMs investigated here, a 0.39 
fibre volume fraction is very high for a CFM. lt may be hypothesised that at such 
high compaction the fibre architecture and pore structure would deviate 
significantly from the general working state of this material, and result in far 
smaller and more regularly distributed pore sizes. 
The hypothesised result would be a far more consistent and regular permeability 
than seen at lower fibre contents, where the wide tolerances in fabric structure 
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causes marked differences in structure across samples. Comparison with the 
CVFEM results would not then reflect the more generally seen spread of 
permeability results found at lower fibre volume fractions. 
This is reflected in the discussion in Kim et al. (2002) of the negligible variation 
between the results obtained across their permeability experiments, which does 
not follow results generally seen in CFMs. In addition, it can be seen from Figure 
2.28 that the permeability values are within the region of 3.1 to 3.8 x 10'10 m2, 
which when compared with the example permeability results in Chapter 1 are low 
and reflect strongly the range of permeabilities generally found at this high end of 
the fibre content range. This prediction of Reynolds' number effect within creeping 
or laminar flow may not be applicable to permeability measurements in a more 
realistic working range of fibre volume fractions (i.e. 0.1 to 0.3 Vt). 
In summary, there is some disagreement as to whether there is a relationship 
between permeability and Reynolds' numbers when these numbers are small (i.e. 
below 1 ). This leaves potential for error for both flow rate and viscosity 
calculations. Further defence of the use of low Reynolds' numbers to indicate lack 
of gas compressibility was therefore necessary, which was prompted by questions 
raised after presentation of this project's radial airflow experimentation at the Flow 
Processes for Composite Materials 8 conference (Pomeroy, Grove et al. 2006: 
Appendix C 1 ). This defence involved reference to experiments by Feser et al 
(2006) to compare volumetric flow rate and injection pressure gradient (P;riPatm) 
for both air and water permeation of a densely woven glass fabric. The purpose of 
their work was to investigate the relationship between flow rate and injection 
pressure for a compressible fluid. Their results are shown in Figure 2.29, which 
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indicates a non-linear relation between the flow rates and pressures employed in 
their experiments. 
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Figure 2.29: Volumetric flow rate vs. injection pressure for air permeation of a 
tightly woven glass fabric (image: Feser, Prasad et al. 2006) 
The purpose of their investigation was permeability measurement of gas diffusion 
layers used for fuel cells, and thus employed vastly higher flow rates and 
pressures than those used for permeability measurement of FRPs. For example, 
using the highest documented full scale range of pressure listed previously (2482 
Pa, within Ding et al. 2003), the ratio of absolute injection pressure to atmospheric 
pressure is only 1.02 (3 s.f.). Therefore, as ringed in red in Figure 2.29, this 
involves an area of the graph where the relationship between flow rate and 
pressure differential may be assumed to be linear. Compressibility issues are thus 
assumed to be insignificant at the low pressures and low flow rates used in studies 
such as Ding et al's (2003). 
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This defence has also been presented mathematically in Pomeroy et al. (2007: 
Appendix C2) with reference to Feser et al's (2006) presentation of a non-linear 
expression for permeability (Knon-tin). Here air density in the mass continuity 
equation was expressed as a function of pressure via the ideal gas law (Equation 
2.28). 
K - f-J.Q.P,. In ( r J 
non-/in. - Jl".d(Po2 - ?,.2) ro 
Equation 2.28 
Where: Po =Pressure at injection point (ro); P, =Pressure at radial distance r. 
This was then compared with the Darcy equation for radial flow, showing that 
when the difference between the outlet pressure is small compared to the absolute 
pressure, then the difference between 'Knon-lin'. and 'K' is negligibly small (Equation 
2.29). 
K . = K 2.P,..M = K 2.P,. 
non-hn {P.2 _ p2) (P. + p ) 
0 r 0 r 
Equation 2.29 
Therefore for low driving pressures (less than 600 Pa in the majority of the 
experiments conducted during this PhD thesis) the difference between the two 
permeability values is insignificant (about 0.3%) in comparison to the predicted 
spreads of data seen when these materials are tested. 
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Viscosity of Gases 
With respect to viscosity calculation, Kaye and Laby (1966) state that, except at 
extremes of pressure, the dynamic viscosity of a gas may be provided by the 
following equation: 
( ~ +C)(r, )X 1'2 = I' I T2 + C ~ 
Equation 2.30 
Where: J.11 is a reference viscosity at absolute temperature Tt,· C = Sutherland's 
constant; and J.12 and T2 are the calculated viscosity and measured absolute 
temperature, respectively. 
Values for 1J1 at T1 and for the Sutherland's constant for dry air are given in Table 
2.2 (Kaye and Laby 1966): 
I 
0°C i 20°C I 50°C 100°C I Sutherland's I (273 K) I (293 K) I (323 K) (373 K) constant (C) 
' 
I I --~~----------~···-·······-·----·--··-··-··-···-··-: 
I 
! 
I 
Viscosity I ! I ' i I 1.95x1o-5 j2.18x1o-s of Air 1.71x1o-s 
I 
1.81x1o-5 I 117 
(Pa.s) 
I 
i I 
I I I I 
Table 2.2: Reference v1scos1ty and temperatures, and Sutherland's constant for 
dry air (Kaye and Laby, 1966) 
The required dynamic viscosity value within Darcy's law may then be calculated 
from experimental measurement of airflow temperature. In addition, 
compressibility issues may be assumed to be insignificant and may be ignored 
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and further consideration of dynamic changes to both measured flow rates and 
resultant Reynolds' numbers are not necessary. 
2.4. Modelling within the Field of FRPs 
The second part of this PhD focuses on material characterisation from micro-scale 
quantifications. The long-term aim for is to employ this approach to predict 
permeability based on microstructure quantifications. This is to be completed using 
semi-empirical analytical modelling, which is placed in context by the following 
definitions and investigations of areas of modelling in this field. 
2.4.1. Defining Modelling 
Modelling may be described as the idealisation, often with considerable 
simplification, of complex systems or processes. The purpose is either analytical, 
investigating the effects and significance of system variables, or predictive, 
providing expected process outcomes. 
2.4.1.1. Scientific/Analytical 
Modelling 
versus Process Engineering/Predictive 
In relation to the field of FRPs, Advani and Sozer (2003) have discussed the 
difference between a scientific approach and a process engineering approach, 
which may in turn be linked to this concept of analytical or predictive modelling. A 
scientific approach employs models for improving the understanding of the 
significance of system parameters, and therefore may be thought of as analytical 
modelling. In comparison, a process engineer generally employs and manipulates 
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models for process optimisation, this therefore being more closely related to 
predictive modelling. 
2.4.1.2. Empirical versus Mathematical Modelling 
Further sub-categorisations may be found within literature, these being based on 
general approaches to modelling. Loendersloot (2006) offers two: 
1. Empirically based permeability modelling; where experimental measurements 
are used, either in a predictive or analytical manner. 
2. Mathematically based permeability modelling; where fundamental flow analysis 
is made through mathematical representation of the geometry of the fibre 
architecture. 
2.4.1.3. Macro versus Micro Scale Modelling 
In comparison, Advani and Murat Sozer {2003) generalise permeability modelling 
in a different manner, by consideration of scale: 
1. The macro scale, which describes part size (in the region of millimetres or 
more). 
2. The micro-scale, which describes localised regions on the scale of fibre or 
fibre-bundle diameters (in the region of micrometres). 
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2.4.1.4. Discussion of Modelling Definitions 
These various approaches are in many ways related and are used here to 
describe types of modelling. 
Empirical modelling requires data to be gathered to enable the relation between 
process variables to be determined. The most easily recognisable form of this is 
the Darcy model itself. The Darcy equation may either be rearranged to provide 
predictive modelling of mould filling or as the focus for analytical modelling of the 
constituent factors of permeability (Advani and Bruschke 1994; Summerscales, 
Guild et al. 2001; Seong, Chung et al. 2002; Mitschang, Ogale et al. 2003; 
Rodrfguez, Giacomelli et al. 2004 ). 
The next step in modelling permeability involves semi-empirical analytical 
modelling based on Darcy permeability measurements. These types of models 
analyse the reinforcement to include macro-averaged quantification of micro-scale 
features such as fibre diameters, porosity, effective lengths of flow paths and 
fibre/resin contact area. The work of Kozeny (1927) and Carman (1937) is 
generally acknowledged as a substantial basis for such models and is normally 
referred to as the Kozeny-Carman (K-C) model. This model is analytical to the 
extent that it considers the significance of representative parameters of pore 
distribution and geometry; where these originate from Hagan-Poiseuille models for 
flow through open capillaries. Variations on the K-C model are potentially useful 
for the material engineer, as they allow for certain measurable fibre arrangement 
parameters to be related to permeability. However, there is a lack of clear 
relationship between flow paths and fundamental flow, which often limit the use of 
these models, especially when pore distribution and orientation is complex. The 
refining of this is a focus of this PhD. 
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Also considered to fall into this category of analytical modelling are models that 
consider the drag caused by flow across cylinders, where these represent either 
fibres or fibre bundles (Advani and Bruschke 1994). In comparison to K-C 
modelling these are based on more fundamental flow considerations. Here the 
drag across each portion of the cylinder walls is accounted for using the Navier-
Stokes equations. The total drag is then considered to equal dynamic viscosity 
divided by the Darcy permeability value (Mao and Russell 2000): 
Drag=!!._ 
K 
Equation 2.31 
Both the K-C and drag-flow models may be considered to represent the material 
on the micro-scale. However, these are limited because neither capillary nor drag 
models truly represent the geometrical arrangement of the reinforcements (Advani 
and Sozer 2003). Therefore to fully consider the effect of geometrical fibre 
architecture on permeability it is necessary to consider a unit cell of the material, 
which must be of a large enough volume to represent the whole of the material if 
repeated throughout. Two directions may be then taken: 
1. Permeability may be determined from a combination of known permeability for 
the sub-units of the cell, i.e. warp, weft and inter-tow pore space. This is 
appropriate for ordered materials such as woven fabrics; 
2. The geometry may be represented mathematically and computed. This allows 
for the flow to be fundamentally solved systematically through the free space 
within the cell and across solid/flow interfaces. 
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The first involves various mixtures of micro and macro permeability modelling. 
Here the permeability of each element of the unit cell may be quantified through 
different methods. These may involve macro-averaged permeability 
measurements or predictive permeability based on analytical modelling of each 
area. Each unit cell consists of sub-cell areas of macro-averaged permeability. lt 
must also be noted that unless a sink term between the sub-units is considered 
then repetition of the unit cell does not account for spreading of the flow-front 
position between the separate sub-cell areas. 
The second type of geometry representation may be more truly considered as 
micro-scale modelling. This allows for fundamental flow to be modelled through 
the represented micro-structure of the material by computational meshing of the 
volume's geometry. Flow equations can then be solved. 
Recently emerging software has enabled the conversion of microscopic computed 
tomography (IJ-CT) images to generate three-dimensional data, which can be 
meshed for computational flow modelling. This approach therefore allows 
modelling to progress from actual geometry rather than artificially represented 
geometry. 
These micro-scale models cannot easily handle many real-world phenomena of 
processing. These include void entrapment, nesting of fibres, effect of binders and 
stitching, etc. Each of these factors can result in additional effects when converting 
the unit-cell to the macro-scale. Therefore, to complete the circle, a requirement 
for data from empirical permeability measurement and correlation to real-time 
processing remains. 
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2.4.2. Modelling Based on Darcy's Law 
In addition to being an experimentally measured characteristic, the Darcy equation 
is itself an analytical model involving both the Darcy coefficient and the fluid's 
viscosity. If dynamic viscosity is the single fluid characteristic required, the Darcy 
coefficient for permeability is assumed to encompass the permeability-effecting 
characteristics of the porous medium. 
Due to this single measure of dynamic viscosity, this assumption is generally 
thought not be wholly accurate, which has prompted investigations into the 
significance of differing liquids as previously discussed. Within literature the 
characteristics that are considered to be factors of the Darcy permeability 
coefficient are (Advani and Sozer 2003; Mitschang, Ogale et al. 2003; Rodriguez, 
Giacomelli et al. 2004 ): 
Porosity of the fibre bed, 
Tortuosity or non-linearity of the flow paths 
Interactions (physical and chemical) within the flow 
Interactions (physical and chemical) at the flow front (resin/air and resin//fibre 
interface). 
Porosity ( 1/J =1-V1) is the most obvious controlling factor due to its description of the 
level of constriction of flow (Equation 2.32). The general convention is to retain this 
factor within the permeability coefficient (K) rather than incorporating this factor 
into the Darcy equation (Motogi, Yamagishi et al. 2000). This practice enables 
clear understanding of the Darcy value in comparison to other fields where 
porosity is not so simply defined and, in addition, accounts for the lack of 
consideration for the two-phases of pore space (inter and intra-bundle) that 
separating overall porosity would entail. 
127 
Ci7aoret 2 Permeability CharRCierisation of Continuous Filumenl Mais for Resin Transfer Mouldinq 
Equation 2.32 
Where: n = number of layers of reinforcement; Pf = fibre density. 
The lack of linearity in the relationship between permeability and fibre content or 
porosity (as seen in the log plots of Figure 1.11, Chapter 1 ), encourages 
consideration of other factors. The first of these is the twisting and turning of flow 
paths, often referred to as tortuosity: 
Tortuosity = (Le/L) 
Equation 2.33 
Where: Le = effective length of flow; L = superficial distance within which the 
twisting and turning occurs. 
--------• L 
Figure 2.30: Schematic representation of a tortuous flow path in 2-dimensions 
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The tortuosity term arises from the Kozeny-Carman (K-C) model (discussed 
below), which is based oncapillary theory and therefore suits enclosed flow paths. 
In relation to fibrous reinforcements, Dullien (1992) states that this consideration 
only suits one-dimensional flow within a two-dimensional model. The argument 
here is that within three-dimensions, one-dimensional macro progression of the 
flow is intrinsically accounted for by the interconnectivity of the flow paths. 
However, the argument for applicability may be stronger for advanced 
reinforcements, especially wovens, where the interconnectivity follows a regular 
pattern (Figure 2.31 ). When this is compared with the plan view schematic (Figure 
2.32) it may be suggested that tortuosity is balanced and potentially capable of 
modelling woven materials. 
Inter-tow pores 
Figure 2.31: Cross-sectional side view representation of a woven reinforcement 
unit cell 
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Figure 2.32: Schematic of tortuous nature of inter-tow regions within woven 
reinforcements 
The two remaining factors of intra-flow and interface chemical and physical 
interactions include elements of fluid influence, therefore causing the Darcy 
permeability coefficient to not be truly representative of the reinforcement alone. 
Interactions behind the flow front, between the resin and reinforcement and within 
the fluid itself, may be considered to encompass the total drag forces caused by 
both friction and inertia effects. The magnitude of these effects is related to the 
type of flow as described by Reynolds' numbers; where turbulent flow reduces 
friction drag due to the creation of a boundary layer but increases inertia effects. In 
addition chemical and physical reactions also occur between the matrix, the 
binders and the fibre sizing. Although there is a distinct shortage of published 
research focusing on this area, one study by Estrada et al. (2002) suggests that 
inter-tow placement of tackifiers has a greater effect on permeability than intra-tow 
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placement. They then supported these comments through their own results from 
woven materials. 
Dungan and Sastry (2002) discussed the balance between the significance of the 
various recognised factors of permeability. Here reference is made to their earlier 
publications (Dungan et al. 2001; Senoguz et al. 2001 }, where their micro-scale 30 
model of a woven reinforcement indicated the importance of fibre architecture and 
layering over capillary issues and surface effects. Although a woven fabric is very 
different in architecture to a quasi-random mat there still exists heterogeneity of 
flow (inter and intra-bundle flow). Porosity can then be considered as a more 
complex consideration, where the distribution of porosity is interrelated with all of 
the potential factors of permeability. This may be logically assumed to be more 
significant for mats due to greater inter-bundle pore volume and heterogeneity of 
flow than is seen within fabrics. 
2.4.2.1. Predictive Modelling Employing Simple Balancing of Darcy's 
Permeability for Laminates 
Darcy's law has been discussed throughout this chapter and has included 
discussion of its manipulation to suit the prediction of flow through a constant 
cross-section of consistent permeability material. However, layers of reinforcement 
of varying permeability are often employed within moulds that also often vary in 
cavity depth. These differing layers may involve variations in material or just 
variations in the orientation of a given fabric (i.e. for mechanical properties). The 
effect is that permeability becomes a function not only of the in-plane permeability 
of each layer but also the through-thickness sink between layers. Examples of 
work to investigate this include employment of the previously mentioned (p.87) 
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clear plastic 10 tool by Luce et al. (1995) to experimentally investigate through-
thickness flow between layers of differing permeability. This resulted in the 
measuring of a sink effect between the layers, as shown in Figure 2.33, which was 
further investigated by Seong et al. (2002) who modelled this phenomena. Their 
proposal included an effective permeability model that correlated within 10-15% of 
experimental results; an improvement over the traditional weighted average of the 
in-plane permeability of the individual layers within a laminate. 
Flow Fronts 
J I --.......... 
K< K1 r ·r·-.·····~~~ .. 
K1 I ~ I 
K< K1 r. .t.-···•I(,"""""T" ••• t 
... 
Direction of Flow 
Figure 2.33: Schematic illustration of the through-thickness sink that occurs 
between varying permeability layers within a laminate 
Wang and Grove (2008) have also considered a sink term in the development of 
their dual-scale unit cell resin infusion model; although their model considers a 
smaller scale where the sink is from the inter-tow to the intra-tow regions. Their 
predictions suggested a lag of flow and a reduction in saturation within intra-tow 
regions, with the predicted permeabilities agreeing with experimental results. 
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2.4.3. Capillary Flow I Hagan-Poiseuille Based Modelling (K-C) 
By definition this form of modelling represents the flow paths within the 
reinforcement as idealised closed-wall capillaries. The earliest form of these 
capillary theory-based models is the Kozeny-Carman (K-C) model, which has also 
been descriptively referred to as lubrication flow or the 'Mean Hydraulic Diameter 
(or Radius)' model (Dullien 1992; Advani and Bruschke 1994; Advani and Sozer 
2003). Summerscales (1993) presents the original K-C expression (Equation 
2.38), developed by the work of Kozeny (1927) and Carman(1937) and including 
Blake's(1922) earlier concept of the mean hydraulic radius (discussed further 
below). 
Q = 1/J a.m 2 fj,p 
Cp L 
Equation 2.34 
Where: a = empirical coefficient; m = mean hydraulic radius; C = Kozeny constant, 
discussed in section 2.4. 3. 1. 
This model may be considered in various descriptive manners as analytical, semi-
empirical and macro-averaged: 
Analytical, because it provides the permeability value as a function of 
geometrical elements; 
Semi-empirical, in that it relies on experimental quantification of Darcy 
permeability in order to quantify various coefficients of the model; 
Macro-averaged, in that it relies on macro-averaged parameters, although 
arguably these could be applied to localised areas. 
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This model is presented in its most condensed form as a proportional relationship 
between permeability and the reinforcement's porosity (Cripps, Searle et al. 2000; 
Advani and Sozer 2003): 
f/J3 
Equation 2.35 
A more complete form is provided by Advani and Bruschke (1994), where the 
representative coefficient (a) is expanded to include consideration of the material's 
parameters of fibre radius (rr) and tortuosity of flow paths (LeiL}, and includes a 
shape factor (ko) for the 'particles' within the reinforcement: 
Equation 2.36 
Advani and Bruschke (1994) describe the development of this model from a 
Hagan-Poiseuille type equation for flow in open ended capillaries of length L and 
radius r (Equation 2.37). Dullien (1992) provides a form of this equation as one of 
the three equations used for the basis of all capillary models. However, here he 
considers the average diameter (OH) of an ever changing complicated cross-
sectional pore shape, often referred to as the hydraulic diameter (or radius, 
defined below), rather than fibre diameter. Therefore the local pore velocity (up) 
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through a pore of length (Le), within a porous medium is represented by (Equation 
2.38). 
4 Jr.r ...3lo.. Q = -(?,,- ~) "7' 
8j..LL, 
Q Q I r 2 M 
11=-=--=----
A ;r.r 2 8 f.i L, 
D 2 6.P 
ll = H 
p k.,l6f.JL. 
Equation 2.37 
Equation 2.38 
Here the shape factor (ko) is included to account for the difference between the 
range of actual pore shapes and the assumed circular pore cross-section 
described by the average pore diameter (OH). The second of Dullien's (1992) three 
equations is Darcy's law for macro flow velocity (u), and the third is the assumed 
relation between 'u' and localised pore velocity (up) (Equation 2.39) (Dullien 1992; 
Advani and Bruschke 1994 ). This relates the macro velocity to the proportion of 
pore space within the material (u/rjJ), which is often used to define interstitial or 
localised velocity (Dullien 1992), and also includes consideration of the extended 
flow length caused by tortuosity: 
U Le 
11 =--
1' rjJ L 
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lt is important to recognise the significance of the tortuosity factor and its relation 
to the 1 D flow represented by the Kozeny-Carman equation, as for 3D flow the 
sum of the 3D macro velocity vectors accounts for tortuosity intrinsically (Dullien 
1992). Therefore it must be recognised that, unless a porous medium contains 
continuous, singularly enclosed flow channels, tortuosity remains a parameter of 
the 1 D model and not a characteristic of the actual fibre bed. 
Dullien (1992) then provides the combination of these three equations (Equation 
2.2, Equation 2.38 and Equation 2.39) as the basis for all capillary theory models: 
Equation 2.40 
Comparison of Equation 2.40 with Advani and Bruschke's (1994) version 
(Equation 2.36) shows that the difference lies in the use of fibre radius (r,) in place 
of hydraulic diameter (DH). Therefore Advani and Bruschke (1994) allow for 
permeability to be predicted via knowledge of fibre dimensions rather than the 
pore dimensions, which are more difficult to quantify due to the difficulties of 
defining cross-sectional areas, lengths and even directions of specific pores. 
The achievement of the conversion to Equation 2.36 is discussed in the literature 
(Williams, Morris et al. 1974; Gutowski, Cai et al. 1987; Summerscales 1993; 
Advani and Bruschke 1994; Pearce, Guild et al. 1998; Pearce, Summerscales et 
al. 2000): 
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Firstly, Slake's ( 1922) hydraulic radius concept (Equation 2.41) should be 
considered. This defined the volume in which the fluid flows (Summerscales 2004) 
by relating pore volume (Vo/,p) to pore surface area (Asur.,p). This was simply related 
to the average pore diameter (OH). which highlights the purpose for inclusion of 
average pore diameter within Equation 2.40. 
Therefore: DH = 4.HR 
Equation 2.41 
Where: Le = effective length of the pores. 
Williams et al. (1974) subsequently considered a mean hydraulic radius (m), which 
enabled fibre radius (rr). rather than pore radius, to be considered through the ratio 
of porosity to fibre volume fraction: 
Equation 2.42 
A squared form of Equation 2.42 is then employed within the Kozeny-Carman 
equation giving permeability in terms of fibre parameters rather than those of the 
pore space: 
Equation 2.43 
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2.4.3.1. Applicability of the K-C Model for FRP Reinforcements 
Although the K-C model is extensively referred to within FRP literature, the 
reliability and accuracy of the model is often considered somewhat limited for 
modelling resin flow through fibre reinforcement materials. For example, Skartsis 
et al. (1992) state that K-C theory consistently models permeability below 
experimental results across the entire porosity range for axial flow through aligned 
(uni-directional) fibre beds. 
By employing the Kozeny constant (C) as a coefficient encompassing remaining 
unknowns, the K-C achieves only a relationship between wetted boundary and 
pressure driven flow; this being the fibre or tow surfaces over which the fluid flows. 
This may be related to Dullien's (1992) discussion that, although the K-C model is 
developed for laminar flow, a limitation exists in that the hydraulic radius theory 
within the field of hydraulics, on which it is based, is applicable only to turbulent 
flow. This is due to the lack of turbulent boundary layer at the resin/fibre interface 
with the creeping flows of RTM processes. The resultant inertia effects raise an 
additional factor that relates to both the fluid and the pore diameter. 
The model also assumes that the connectivity of pores may be ignored, and in 
effect that all pores are singular and continue throughout the material from the 
injection point to the exit point. The reality is that the majority of pores are 
interconnected and that some pores may become cut off. Dullien (1992) also 
discusses capillary models that consider variations of capillary sizes in parallel, or 
capillaries that periodically constrict in series; although Advani (1994) discusses 
that these variations provide no fundamental change to capillary modelling. 
Finally is the concept of employing the tortuosity consideration and shape factor 
coefficient (k0). Tortuosity remains seemingly impossible to define for a complex 
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fibrous network, especially considering that this is a model parameter and not a 
real characteristic of these materials. Because of this the shape factor and 
tortuosity may be combined and considered as an empirical coefficient referred to 
as the Kozeny constant (C): 
Equation 2.44 
Carman provided a Kozeny constant value of 5 for packed particulate beds 
(Dullien 1992), which Davies and Dollimore (1980) actually state as often being 
greatly exceeded. Gutowski et al. (1987) found a value of 0.7, along the x-axis 
(parallel to fibres), for an ordered unidirectional pre-preg with 41Jm radius fibres. 
This highlights the significance of parameters which are in effect poorly defined 
and difficult to quantify. 
The K-C model remains semi-empirical in its requirement for experimental data to 
define the Kozeny constant for different fibre arrangements. This is due to the 
unreliability of using hydraulic radius theory for laminar or creeping flow and 
Advani and Sozer's (2003) observation that the proportionality shown in Equation 
2.35 varies for the same material across a fibre volume fraction range; this also 
being shown as true for the results provided her, in Chapter 6. 
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2.4.4. Drag Flow Models 
Methods based on drag-force theory consider the architecture of the fibres within 
the reinforcement as obstacles to flow. These are based on a periodic pattern of 
equal unit cells within the media, for which the Navier-Stokes equation can be 
solved for the drag provided by each pore wall within the unit cell, and therefore 
the whole media. Mao et al. (2000) consider that this theory has the advantage, 
over capillary theory, of demonstrating the relationship between permeability and 
fibre architecture. However, Robitaille et al. (2002) discuss that drag theory is 
more suited to media of lower fibre content. This is due to the assumption that at 
low fibre contents the disturbances to the flow field around each fibre individually 
isolated from the effects of flow fields around adjacent fibres. 
Advani's (1994) discussion of drag-theory modelling considers the geometry as 
aligned cylinders with the drag perpendicular to aligned cylinders. This relates to 
unidirectional fabrics when the flow is perpendicular to the fibre orientation, 
whereas when the flow is with the direction of closely packed fibres the situation 
may be considered more accurately as flow within capillaries. In addition, where 
fibres are closely packed then the flow relationship may be solved analytically, but 
where porosity is higher then cell models may be used to represent repetitive cells 
that are individual and independent from one another (Advani and Bruschke 
1994). Figure 2.34 provides Advani and Bruschke's (1994) schematic 
representation of a typical unit cell, where a fibre, represented by cylinder (a), is at 
the centre of a circular unit cell (b), which is unaffected by any surrounding unit 
cells. 
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Figure 2.34: A typical unit cell geometry as used for drag-force 
modelling of higher porosity fibrous reinforcements 
(image: Advani and Bruschke 1994) 
_ _ Chapter 2 
Both Advani and Bruschke (1994) and Mao and Russell (2000a) review the 
application of this unit-cell or 'free-surface' theories for estimating permeability for 
unidirectional reinforcements. These include: Happel (1959), Kuwabara (1959), 
Sparrow and Loeffler (1959) and Drummond and Tahir (1984). In addition, Advani 
and Bruschke (1994) provide further discussion of Hasimoto (1959), Sangani and 
Acrivos (1982) and Bruschke and Advani (1993). These sources are purported to 
have returned modelled results very close to empirical data at higher porosities 
(Advani and Bruschke 1994). Mao and Russell (2000) comment that Happel 
(1959) compared results with empirical permeability results and showed good 
correlation for porosities of over 50%. 
2.4.5. Computational Fluid Dynamics (CFD) Modelling 
Computational modelling is primarily used in a predictive manner. The process 
involves division of a region into control volumes or cells, within which equations 
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are solved iteratively based on the results of the same equations in neighbouring 
cells. Therefore flow progression may be predicted through complex geometries. 
The type of equations solved suit different scales. For commercial parts Darcy 
permeability may be used due to the macro scale on which the flow is to be 
predicted. Examples of CFD software packages include: 
LCMFLOT: a RTM simulation tool released in 2001 by the ESI group (ESI 
Group 2008). This particular software is now part of a single purchase of: 
PAM-RTM, detailed as follows: 
PAM-RTM: a RTM simulation tool (Figure 2.35) also from the ESI group (ESI 
Group 2008) for predictive modelling. Recent examples of employment within 
research include (Demaria, Ruiz et al. 2007; and 2007), who used this software 
to model the effect of fabric drape on mould filling . 
• 
-
--
Figure 2.35: Screen grab of PAM-RTM (image: ESI Group 2008) 
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LIMS (Liquid Injection Molding Simulation: University of Delaware 2004) (CCM 
2004 ): Illustrated as Figure 2.36, examples of its use include Nedanov and 
Advani (2002), who employed the model for verification of their method to 
determine three-dimensional permeability from experimental work. Devillard et 
al. (2003; and 2005) simulated race-tracking under different disturbance 
scenarios in order to optimise the placement of sensors within experimental 
moulds. Simacek and Advani (2006) adapted the LIMS model to include 
consideration of body forces, such as gravity. 
Figure 2.36: L/MS - graphical user interface (image: University of Delaware 2004) 
For smaller scale flow, such as flow through the pore space provided by the fibre 
architecture of reinforcements, fundamental flow is described by fundamental 
equations. These are the Navier-Stokes conservation equations for mass, 
momentum and energy, which are "scale neutral" (Date 2005) in that they are 
fundamentally correct on any scale. These may be related to the drag flow 
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modelling discussion provided previously. These are more commonly known as 
computational fluid dynamic (CFD) packages, which are both predictive and also 
analytical in that the factors that affect the fundamental flow may be manipulated. 
2.4.6. Analytical Quantification of the Micro-Structure of Reinforcement 
Materials 
This section provides a review of various methods and techniques that suit the 
analysis of the micro-structure of porous materials. 
2.4.6.1. Geometrical Modelling of Fibre and Fibre-Bundle Distribution 
Models based on known and assumed geometrical arrangement of fibres and fibre 
bundles focus on the concept of repetitive unit cells. This is an easier prospect for 
fabrics, in comparison to mats, as their structure naturally provides order. An 
example of geometrical modelling of woven materials includes Gokce and 
Advani's (2001) employment of the Method of Cells (MC). This divides a woven 
material's unit cell into the sub-cells of warp, weft and inter-tow pore space. This 
method allows for control of the sub-cells to represent changes in mould depth, 
localised imperfections, stitching etc .. therefore allowing the repeated unit cell to 
be adapted to represent a variety of situations. 
Gokce and Advani (2001) also provide geometric representation of stitched bi-
axial (uncrimped) fabrics. Their schematic representations of a woven material's 
unit cell and sub-cells, a stack of multiple fabric layers and a stitched bi-axial fabric 
are shown as Figure 2.37, Figure 2.38 and Figure 2.39. 
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Figure 2.37: Woven fabric 's unit cell (image: Gokce and Advani 2001) 
Figure 2.38: Stack of multiple woven fabric layers ' unit cell (image: Gokce and 
Advani 2001) 
g 
Figure 2.39: Stitched bi-axial fabric 's unit cell (image: Gokce and Advani 2001) 
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At the smaller scale of fibres, rather than fibre bundles, Hull ( 1981) presented a 
theoretical quantification of pore space between hexagonally close packed aligned 
fibres. Here the close packing of fibres causes the pore inter-fibre gap to be 
described within the boundaries of a repeating equilateral triangle, with base 2rr 
and a height of v3rr, where rr is the fibre radius. This is shown schematically in 
Figure 1.40 and results in the inter-fibre pore area enclosed by 3 fibres (A;r-3-fibres) 
being calculated (via Equation 2.45) as 5% of the area of a fibre. 
Equation 2.45 
At>/3-fibres 
2r 
Figure 2.40: Geometrical model of close packed hexagonal fibre packing 
(adapted from: Summerscales 1993) 
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From Figure 2.40 it can be seen that a starting quantity of 3 fibres is required to 
create inter-fibre pore space and that each additional fibre will then create 
additional pore space equal to Equation 2.45. The assumptions here include: 
That an average fibre radius is appropriate. 
That all fibres are consistently arranged in this pattern, and that they are all 
touching. 
The first of these assumptions is, by the law of averages, acceptable. However, 
the second assumption is in reality highly unlikely. 
Ngo and Tamma (2001) also refer to an idealised order of fibres within tows or 
bundles previously presented by Gebart (1992). Here they show two versions of 
packing, these being quadratic and hexagonal (Figure 2.41 ). They then refer to K-
C based permeability models developed by Gebart (1992), which provide the 
following equations for permeability within tows, in the direction of the fibres and 
normal to fibre direction respectively: 
Equation 2.46 
Where: Kx = permeability in the direction of the fibres, within tows or bundles only; 
ko is a shape factor, which Gebart (1992) showed to be 32 times the Kozeny 
constant (C). 
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Perpendicular to the fibre direction the permeability is given by the following, 
although this is incapable of representing a situation where fibres are touching: 
Equation 2.47 
Where: Ky1z ;;; intra-tow permeability perpendicular to fibre direction; Vrmax ;;; the 
maximum fibre volume fraction achievable with the specific fibre packing. 
Figure 2.41 : Schematic of idealised quadratic (a) and hexagonal (b) fibre packing 
(image: Ngo and Tamma 2001) 
Gebart (1992) then provided the following table for the coefficient C1, maximum 
fibre content, Kozeny constant (C) and shape factor (k0): 
Fibre c1 Vtmax ko c Arrangement 
16 7r Quadratic 
9.nJ2 
- = 0.785 57 1.78 
4 
16 7r 
Hexagonal - =0.907 53 1.66 
9.n.J6 2.J3 
Table 2.3: Parameter values for Equat1on 2.46 and Equat1on 2.47 (Gebart 1992) 
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2.4.6.2. Analytical Measurements of Fibre Architecture 
Various measurement techniques exist for quantifying the extent of porosity within 
porous materials. The simplest is the proportional calculation provided by the fibre 
volume fraction equation for composites, this having been presented earlier as 
Equation 2.32, rearranged here to give: 
Equation 2.48 
This simplicity of calculation is achievable due to the relative consistency, within 
known tolerances, of fibre density, this is not the case other fields such as soil 
science. 
Experimental techniques exist for the measurement of porosity within the broader 
fields of porous materials. The principal technique is mercury intrusion porosimetry 
(MIP), which involves forcing mercury, a non-wetting fluid, into the porous medium 
under a range of pressures. This provides a measure of total porosity and average 
pore diameters. This technique is offered commercially (Acsion Industries 2008), 
however this is for the investigation of cured composite parts for the purposes of 
measuring voids and cracks, rather than dry reinforcements. 
Pore-Cor, a computed three-dimensional representation of the interconnectivity of 
pores as cubic pores and cylindrical throats (Figure 2.42) developed at the 
University of Plymouth (Pore-Cor undated), has been employed within the field of 
geology. This model employs mercury intrusion porosimetry (MIP), and is claimed 
149 
Gh 1'1(Pf 2 
as a significant improvement on traditional interpretation of MIP data. Various 
limitations existed preventing its employment for this project, including its 
capability only to model through-thickness flow and difficulties with conducting M lP 
through a compressed but dry reinforcement sample. 
I 
1' ' r 
t • : I 
I ( 
Figure 2.42: Pore-cor presentation of pore space as cubic pores and connecting 
cylindrical throats (image: Pore-Cor undated) 
Liquid extrusion porosimetry, a variation on mercury porosimetry as presented by 
Jena and Gupta (2005a-c), is also of interest here. Rather than forcing mercury 
into a porous medium, so as to measure porosity, here pressure is increased over 
a saturated sample and then the volume of liquid extruded is related to the pore 
diameter via the equation: 
p = 4ycosB 
D 
Equation 2.49 
Where: P = pressure difference across the sample; r = surface tension of the liquid 
used; e = contact angle of the liquid used; D = pore diameter. 
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This method therefore has the capability of providing a frequency distribution of 
varying pore diameters, which returns an average tortuosity for each diameter. 
The length of the flow path is provided by: 
Vol.1 Le =--2 
n.r 
Equation 2. 50 
Where: Vol.r = volume of fluid extruded; r = effective average radius of the pores. 
This method has the potential to quantify all the important areas of fibre 
architecture. However, this method suits only thin porous media samples where 
the different diameter flow paths are continuous through the media rather than 
being interconnected (i.e. running in parallel rather than sequence). Therefore this 
method was not considered suitable for this project. 
Microscope Image Acquisition 
Modern microscopy enables not only visualisation on a microscopic scale but also 
the conversion of micrographs to digital images. These images may then be 
further modified and analysed using image processing and analysis tools. 
The options available for microscopy are either optical (OM) or electron 
microscopy (EM). The latter utilises the far shorter wavelengths of electrons, in 
comparison with light, and therefore enables a far greater magnification (Bozzola 
and Russell 1999). Of course, for the scale of fibres an optical microscope 
suffices; however there are additional benefits regarding the contrast between 
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phases within glass-FRPs that are better shown by electrons rather than light. This 
relates to the transparency of both glass fibres and resins making them appear the 
same colour with weak contrast when viewed under an optical microscope. 
There are two main types of electron microscopy: transmission (TEM) and 
scanning (SEM). TEM is rarely used for imaging FRP. SEM scans the surface of 
the sample with a spot of electrons that generates secondary electrons, these 
being detected by a sensor (Bozzola and Russell 1999). SEMs provide a greater 
depth of field than OM and therefore the ability to image a three-dimensional 
surface. 
Microscopic Computed Tomography (p-CT) Image Acquisition 
Computed tomography (CT) involves the analysis of a large set of two-dimensional 
X-ray images taken around an object in rotation about a single axis and combined 
to create a three-dimensional X-ray image (Figure 2.43), This therefore is a non-
destructive method of obtaining images of the inside of an object. Current CT (~­
CT) can provide pixel (picture element) or voxel (volume element) resolution in the 
order of 5-10 ~m. An example of a ~-CT three-dimensional image of reinforced 
fibres within a sheet moulded compound FRP is provided as Figure 2.44. 
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Figure 2.43: Schematic representations of the CT process 
(image: Bayraktar, Antolovich et al. 2008) 
Chapter 2 
Figure 2.44: JJ-CT three-dimensional image of fibres within a Sheet Moulded 
Compound composite FRP (image: Le, Dumont et al. 2008) 
Schilling et al (2005) discussed that the use of ~-CT has been, up until recently, 
fairly limited due to the lack of easy availability of equipment and expertise. 
However, the natural progression of technology and availability of commercial 
equipment is increasingly making this a more approachable process. The use of ~-
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CT is therefore attractive for the purpose of analysing the fibre and/or fibre-bundle 
architecture within reinforcements as it provides an image of the actual structure, 
rather than an idealised model. These do however require image analysis, which 
is discussed in detail below. Examples of the use of j.J-CT within the field of FRPs 
include: 
Desplentere et al. (2005), who compared measurements taken from j.J-CT 
images with those taken from micrographs (two-dimensional microscopy 
images). These measurements included yarn thickness, width and spacing 
within 3D textiles. Their work showed no significant difference between the two 
methods, therefore validating the use of j.J-CT for characterising reinforcement 
architecture, at the least on the scale of yarns or tows. 
Schilling et al. (2005) successfully investigated the use of j.J-CT for identifying 
internal flaws, such as delaminations and micro-cracks, within FRPs, using dye 
impregnation to highlight the flawed areas. 
Le et al. (2008) investigated the fibre microstructure of Sheet Moulding 
Compounds (SMCs) and employed lmage-J (lmage-J undated) image analysis 
software to clean-up and binarise the images for further analysis. This process 
provided information regarding the flattening and spreading of fibre bundles 
during the manufacturing process. 
Hassler et al. (2008) successfully investigated the capability of j.J-CT for the 
representation of fibre distribution within carbon fibre FRPs, the purpose being 
the investigation of the effect of different sewing techniques on fibre 
architecture. 
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Another variation on the theme is optical coherence tomography (OCT), which 
involves using coherent light (laser) to obtain sub-surface images. Examples of 
use include Dunkers et al. ( 1999; and 2001 ), who used this technique for non-
destructive characterisation of architecture and voids within FRPs. In comparison 
with ultrasound, OCT provides higher resolution although with a far more limited 
depth into the object being analysed. This method is of less interest for this PhD 
due to the link between j.J-CT imaging and the Simpleware software discussed 
below. 
Image Analysis for Quantification of Micrographs and 11-CT Images 
An early review (Guild and Summerscales 1993) provides a discussion of 
automatic analysis of images retrieved from video cameras, optical and electron 
microscopy micrographs and CT. In addition, examples of the use of image 
analysis can be found within the literature for a variety of purposes (Carter, Fell et 
al. 1996; Shih and Lee 1998; Nedanov and Advani 2002; Seong, Chung et al. 
2002). The process itself may take many forms depending on the information 
sought, the methods of analysis used and the type of image produced. In order to 
take measurements of either reinforcement or matrix, the image is normally 
binarised into black and white areas, which may then be measured using 
computer software. 
The process of binarising an image is undertaken within image analysis software 
by using a 'threshold' function. This allows a point on the grey scale to be chosen, 
either side of which becomes black or white. Whereas this process may be 
automated for certain applications, which provides an objective approach, often 
each image, or areas within it, must be thresholded separately due to variations in 
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image quality. This is often a highly subjective stage within image analysis, and 
therefore a potential source of error. 
A wide variety of image analysis software is commercially available, where the 
specific version is often supplied as a package with microscopy hardware. In the 
context of this project, the free downloadable software 'lmage-J' (lmage-J, 
undated: Figure 2.45), enabled binarisation of images, measurement of areas, 
perimeters, the axes of fitted ellipses, etc. and was suitable for all the two-
dimensional image analysis conducted here. 
~ lmageJ 
File Edit Image Process Analyze Plugins Window Help 
[Q[§J~S2J~~±JSJ:t;J:§J~~5J5J:§JLJ1I~ZIJ.~l 
lmageJ 1.38e I Java 1.5.0_09 
Figure 2.45: lmage-J too/bar (image: lmage-J undated) 
2.4.6.3. Three-Dimensional Computational Modelling from Three-
Dimensional Images 
The ability to create three-dimensional micrographs using IJ-CT has been 
discussed above. These offer a 'real' representation of fibre-bundle architecture, 
rather than an idealised representation produced by models such as Pore-Cor. 
However, these are constrained by the limited ability of the process to differentiate 
between the reinforcement and matrix phases, the limitations of pixel (or voxel) 
resolution and the computational size of the resultant files. Therefore the end 
value of these images is reliant on the ability to analyse or employ them. 
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'Simpleware' provides this capability (Simpleware Ltd. 2008), which claims to be 
"the world's most advanced software solution for converting three-dimensional 
images into high quality meshing". These meshes may be used for a variety of 
purposes, which are illustrated by their flow diagram (Figure 2.46), including: Finite 
Element Analysis (FEA), Computational Fluid Dynamics (CFD), Computer Aided 
Design (CAD), and Rapid Prototyping (RP). 
30 data Import 
e.g. MRI, CT. --+ 
MlcroCT. etc. 
----+ 
CAD Import 
IGES. STL 
STle.xport SceniP Software 
Imago PfOC8SSing and 
CAD mode! generaltM 
tor CAD and Rapd 
Prototyplng 
•ScanFE Module 
Volumelsurface 
genenabon tor FEICFO 
FE/CFD export 
e g. Ansys. Abaqus. 
Fluent, LS·Oyna, e1c 
Figure 2.46: Flow diagram illustrating the capabilities of Simpleware (image: 
Simp/eware Ltd. 2008) 
The initial three-dimensional image processing is undertaken within the ScaniP 
software function of Simpleware (Figure 2.46). A screen-shot taken from the 
Simpleware website is shown in Figure 2.47. This illustrates the three two-
dimensional windows and presentation of the three-dimensional numerical model 
within an additional window. The two-dimensional images may be manipulated by 
processes such as smoothing, application of masks to present smoothed images 
whilst preserving underlying original data, and processes such as thresholding. 
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Figure 2.47: Scan/P screen-shot example (image: Simpleware Ltd. 2008) 
The ScanCAD module (Figure 2.46) is not of particular interest here as this 
module allows for CAD models to be integrated into the three-dimensional 'real' 
image. With relation to the field of composites, this module is of use for 
applications such as inserting objects within a part, which could then be meshed 
within Scan lP and exported to ScanFE for FEA stress analysis, or similar. 
The ScanFE module (Figure 2.46) can convert the three-dimensional image into a 
separate CAD model. This involves the generation of either a volumetric or surface 
exportable mesh directly from the manipulation of the scanned image within 
ScaniP; the volume being suitable for FEA and the surface being suitable for CFD. 
External analysis software, for these meshed models, include: Abaqus, Ansys, 
Comsol, Fluent, I-deas, LS-Dyna, and MSC.Patran/Nastran (Simpleware Ltd. 
2008). Unfortunately, although CFX is part of the Ansys brand, at this point 
Simpleware does not export specifically to CFX. However personal contact with 
Simpleware Ltd. indicates that this is a capability currently being worked towards. 
158 
'--'Pe"-'n-"'ne=a=b'=1it.>e.v =Ch=a=ra~c t=en=·s=at=io=n =of_,C"'o""nl"-'in'"""o"'u"'-s '-'Fi""ta"'m"'eJ,_Jt "'M""at,_s ""fo'-'r R~,, e=s'=n-"Tr"'a""ns"'fe"-r ""M"'o'"";fr."'-fin""q _______ -"'C"""-Ila n fer 2 
Examples of the use of Simpleware within the field of composite materials, 
includes: Watson et al (2006) who employed the software to provide a mesh of X-
ray microtomography data for FEA of the elastoplastic response of aluminium 
based particulate reinforced MMCs. Aziz et al. (2006) conducted FEA of localised 
stress fields of CMCs under a tensile strain of up to 0.07% in order to identify 
matrix cracking locations. 
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Chapter 3 -liquid Permeability Measurement of CFM 
Reinforcements 
3.1. Introduction 
This PhD focuses on the permeability characterisation of CFM reinforcements 
often employed in the RTM manufacture of low-cost composite components. 
Chapter 2 has identified the wide variation in published permeability values and 
the issues of reproducibility and reliability of results arising from the various 
measurement techniques used. lt is important to note that the differences in 
results across specific materials (i.e. versions of Unifilo) are not accounted for by 
generic material (i.e. CFMs) published data. There are also reported differences in 
the permeability results obtained across different measurement techniques 
(radial/1 D, wetting/saturated). lt has therefore been necessary to retrieve a library 
of reference permeability data, for specific CFM materials, that also presents 
differences across techniques. 
3.1.1. Specific Unifilo CFM Materials 
The specific Unifilo reinforcement types employed for the purposes of this PhD 
were U813-300 and U850-300, both of which are variations of a 300 g.m·2 mat 
(Vetrotex Reinforcement S.A. 2005). This areal weight is a nominal value, 
provided as a product identifier rather than an accurate quantity; therefore it was 
important to provide more accurate quantification to allow for fibre volume fraction 
calculation and correlation with fibre content. Thornburrow (2007) has provided 
tolerance details for areal weights, which are tested to ISO 3374 (International 
Standards 2003). This standard requires that the tolerances be restricted to 
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between 225 and 345 g.m-2 (this being 75-115% of the 300 g.m-2 nominal value) 
for individual samples and between 270 and 330 g.m-2 (this being ±1 0% of the 
nominal value) for the average area! weight of an entire roll; therefore an average 
area! weight may be calculated as 285 g.m-2 . However, this figure is obtained from 
the standard's requirements rather than experimental results and an additional 
concern is the range of ±60 g.m·2 , which would provide a significant source of error 
when calculating V1. In response to this, 100 samples (10x10 cm dimensions) were 
cut and weighed (results included on the CO-R: 'Area! Weights averages.xls'). The 
results for U813-300 included an average area! weight of 286 g.m-2 and a standard 
deviation of 16.4 g.m·2 (±5. 75 % ), whereas the average a real weight for U850-300 
resulted in 290 g.m-2 , with a standard deviation of 17.8 g.m-2 (±6.13 %). Although 
these standard deviations are broad the completion of a T -test showed, although 
by a very narrow margin (significance: 0.049), that the two means were 
significantly different*. 
The other required parameter for fibre content calculation is the density of the 
glass fibres themselves. The commercially used nominal average density figure for 
E-glass is 2600 kg.m-3 . Thornburrow (2007) has provided more accurate figures 
with an average density of 2585 kg.m-3 and a tolerance of between 2550 and 
2620 kg.m·3. These figures have been accepted and employed here. 
3.2. Experimental Design and Methodology 
Chapter 2 highlighted the complexities involved in the practical design and 
application of experimentation. These include consideration of the balance 
*Area/ Weight averages.sav and Area/ Weight averages.spv on provided CO-R 
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between flow rates, resultant pressures and Reynolds' numbers as well as the 
practicalities of accurately controlling the cavity depth. Very few of these are 
independent, therefore each element required both individual and combined 
consideration so as to provide a rigorous approach. The following sub-sections 
cover each of these considerations in turn. 
3.2.1. The Control and Measurement of Flow 
Early considerations focused on whether to employ either constant flow rate or 
constant injection pressure. Chapter 2 presented discussion by Deleglise et al. 
(2005) of the issue of a pressure drop between a controlled pressure fluid source 
and the mould's injection gate. This provided a dissuading argument against the 
use of constant injection pressure. The opposing constant volumetric flow rate 
issue of mould deflection, resulting from increasing intra-mould pressures with flow 
progression, was considered to be at least measurable if not avoidable. This 
resulted in the decision to employ constant flow rate injection for the following 
liquid permeability experiments. 
Methods for accurately controlling the flow rate of liquids were investigated. This 
focused on positive displacement pumps, which may be categorised as either 
rotary or reciprocal. The distinction involves variations in the manner in which 
continuous flow is maintained depending on the mechanical methods that draw the 
fluid into the pump during use. Rotary pumps involve some form of singular or 
multiple rotor, examples being gears, lobes, screws, vanes, circumferential pistons 
(Pump School 2007) (Figure 3.1 and Figure 3.2). In comparison, reciprocal pumps 
require a cylinder to be charged prior to pumping (Figure 3.3 and Figure 3.4). 
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Figure 3. 1: Schematics of gear, screw, vane and circumferential piston rotary 
pumps (images: Pump School 2007) 
Figure 3.2: Image and schematic of a lobe-pump in action 
(image: Pump School 2007) 
Cam 
Seal 
Inlet 
Check 
Figure 3.3: Schematic of a cam driven reciprocal pump 
(image: LC Resources Inc. 2000) 
SUCTION ~11101 f 
Figure 3.4: Schematic of a simple hand operated reciprocating pump 
(image: Maritime Park Association 2004) 
163 
Chapter 3 ____ __ _?_ermcabiltty CJJaracten·saUon of Concinuous F1Jament Mats for Resm Transfer A.-touldtnq 
These pumps are provided commercially for situations where continuous, reliable 
flow is required (links for manufacturers available at: www.pump-
manufacturers.com). Rotary pumps arguably provide a smoother continuous flow 
(Quasiturbine Agence undated), due to the requirement for the fluid charging of a 
reciprocal pump. However, many of the rotary pump types also present a 
fluctuation in their flow rates (i.e. gear, circumferential pistons and lobes: Figure 
3.1 ), which, although offering a smaller fluctuation than reciprocal pumps, this still 
remained as a potential problem. This was especially the case considering that 
there was a requirement for a range of required flow rates to suit the changes in 
pressure that occurred with changes in reinforcement compaction. 
However, continuous flow was not a requirement for these experiments as each 
test was to be individually run. This, combined with the prohibitive costs of 
commercial pumps, exacerbated by the precision required for experimentation, 
prompted investigation of simpler methods for controlling flow. Subsequently the 
design process turned towards more affordable in-house construction of limited-
volume flow reciprocal pumps. This involved use of an lnstron Universal Testing 
Machine (serial number: 5582 J7466), located in the School of Engineering, which 
has a wide velocity range of accurate vertical cross-head movement. lt was 
possible to achieve accurate and controllable flow rate by mounting pistons 
between the lnstron's crosshead and base plate. For this, two 50mm diameter 
pistons were purchased from Air Controls Ltd. Plymouth, and mounted within 
framework designed by the author (Appendix A 1 and Figure 3.5). 
Tolerances were not provided by the manufacturer for any deviation in the piston's 
cross-sectional area (Appendix A 1 ), which posed a potential source of error. 
However, as this would remain systematic across all experiments and as the rates 
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of lnstron closure used were not particularly slow (Table 3.1) then any error would 
remain systematic and significantly related only to the smaller two dimensions of 
cross-sectional area. This was therefore assumed to be insignificant for these 
experimental purposes. 
Table 3.1 provides a representative range of flow rates for lnstron closure rates of 
between 5 and 50 mm/min. This highlights an additional advantage relating to this 
in-house design. Here a wide range of controlled flow rates could be provided, 
enabling flow rates to be matched to pressures that suit the precision of specific 
pressure sensors. Therefore the mould tool design process did not require either 
prediction of pressure gradients or Reynolds' numbers prior to part purchase. As 
such the design process was allowed to focus on the practicalities of closing the 
tool rather than considering, too stringently at that point, the relationship between 
cavity depth, flow rate and predicted pressures. 
Figure 3.5: 50mm diameter piston (image: Festo Corp. 2008) and mounting within 
the lnstron universal testing machine 
165 
Chapter 3 Perrneability CharacterisathJr} _ _o; Continuous Filament Mats for Resin Ttansfer lV1ou!d~@l 
Piston Closure Rate I Volumetric Flow Rate 
(mm/min) I (m
3/s) 
5 0.33 X 10-6 
.. ·-.. -~----------·-·"'""'"'-'''"_, _______ .., __ , ....... 
10 0.65 X 10"6 
--
20 1.31 X 10-6 
---·---------·--·-···-
30 1.96 X 10"6 
·-----··"" 
······-····"···---"-·"'"''"'"" ______ .. ,_, ______________ 
40 2.62 X 10"6 
50 3.27 X 10"6 
Table 3. 1: Resultant volumetnc flow rates 
3.2.2. Radial (Liquid) Flow Mould Tool Design 
The liquid permeation radial tool was designed around an existing double skinned 
(2x25mm thick) glass mould top and aluminium base plate; these remaining from a 
previous research project (Pearce, Summerscales et al. 2000). Although designing 
mould tools for permeability experiments involves a variety of practical 
considerations, of greatest importance is the requirement for a uniform and 
measurable cavity depth that does not significantly deform during the injection 
process. 
To position the glass plate and form the cavity depth, a steel frame was designed 
in order to enable it to be bolted to the base plate (Figure 3.6). Two issues then 
remained, the first being the generally poor surface condition of the existing base 
plate and the other being the under-hang of the steel frame, which would have 
fouled the base plate. To solve this, a smaller aluminium plate with a machined 
surface was purchased and mounted onto the existing base plate to sit inside the 
steel frame (Figure 3.6). 
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Figure 3.6: Machined aluminium mould base (LHS image) and steel frame for 
holding and mounting the glass mould top (RHS image) 
Controlling the cavity depth involved the use of shims around the bolts that 
attached the larger base plate to the corners of the steel frame (Figure 3.7). The 
measurement of the required shim size involved placement of the glass mould top 
on the base plate and then use of a vertical Vernier depth gauge (precise to ± 
0.01 mm) to measure the depth between the base plate and the steel-frame's 
corners (Figure 3.8). 
In response to discussion in Chapter 2, a target cavity depth of 1 Omm was chosen 
as this allowed for the measurements of cavity depth, shim sizes and mould 
deflection to remain accurate to 1% with individual variations of 0.1 mm. The shim 
depth was then the total of the distance of the frame from the base plus the1 Omm 
cavity depth. 
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Figure 3. 7: Design of mould closure for the radial permeability tool 
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Figure 3. 8: Vertical Vernier gauge measurement of the depth between the mould's 
base plate and steel-frame 
In addition to controlling cavity depth, it was necessary to locate pressure sensors, 
thermocouples and an injection point within the base of the mould. The design for 
the required machining of the two aluminium base plates is shown in plan view 
within Figure 3.9. A schematic representation of the placement of pressure 
sensors, injection pipe and thermocouples is also shown in cut-away side-view as 
Figure 3.1 0. 
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Holes for Thermocouples 
Top Alum 
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Figure 3.9: Design for location of pressure sensor, injection point and 
thermocouples within the two aluminium mould base parts 
Push fit connector / 
8 . t mm pipe Flow Pressure transducers 
Figure 3. 10: Schematic cut-away side view of the pressure sensor, injection point 
and thermocouple locations with the liquid radial mould tool 
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During the experimental process, accurate measurement of the cavity depth was 
achieved using sets of slip and feeler gauges. After loading of the reinforcement 
sample the mould was closed and bolts tightened, then a slip gauge approximating 
the cavity depth was inserted under the glass mould top at each corner. The feeler 
gauges were then used to measure the additional gap providing a cavity depth 
reading, at each corner, accurate to the sum of the precision of each gauge 
(±0.01 mm and ±0.01 mm) (Figure 3.11 ). 
Feeler 
gauge 
Slip 
gauge 
Figure 3. 11: Measurement of the radial mould's cavity depth 
3.2.3. 1 D (Liquid and Air) Flow Mould Tool Design 
A single mould tool was designed for both the 1 D liquid permeation tests and the 
1 D air permeation experiments (Chapter 4 ); the advantage was that both air and 
liquid could be permeated through the same sample. This reduced sample 
preparation time and effort and allowed the results from the different fluids to be 
closely comparable. 
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The process of mould manufacture involved initially machining the aluminium base 
with a slightly smaller sample cavity than is shown in Figure 3.12. A glass mould 
top was then designed as in Figure 3.13 and ordered from Instrument Glasses 
(Instrument Glasses Inc. 2000). Once received, the aluminium base was again 
machined (in-house, with a tolerance to ±0.1 mm) to suit the final net dimensions of 
the glass. 
Pressure ~ 
measurement lla:::::~:::J::::: j 
point 
Slotted 
blocking 
plate 
Sample 
cavity 
Glass mould top ~ 
105mm 
Plan view 
~yr-1 ___ _ 
Sample 
cavity 
Base view 
Seal 
Fluid 
170mm 
Seal 
Machining 
Tolerances: 
±0.1mm 
. 10mm 
Figure 3. 12: Plan and base view of the 1 D mould tool design 
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The method used to measure the required uniform cavity depth was more 
complicated than that employed for the radial tool. As the corner depths at the 
injection end of the one-dimensional tool were inaccessible, it was necessary to 
measure the base height and the combined thicknesses of the glass components 
of the mould top. This was done using a depth-micrometer (precise to better than 
± 0.025mm), as shown in Figure 3.14. Clearer details of the process employed 
here, and the results obtained, are included as Appendix A2. 
Flush fitting at this end 
zf ......... ~ 
lG 
Machining 
Tolerances: 
±0.1mm 
Figure 3. 13: 10 glass mould top design 
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Figure 3. 14: Use of a depth-micrometer to measure the components of the 1 D tool 
Closure of the one-dimensional mould tool was achieved by G-clamps (Figure 
3.15) and measurement of the resultant cavity depth was made using an in-house 
calibrated (using slip gauges) digital calliper at each corner of the tool. The cavity 
depth value was then calculated, as shown in Appendix A2, as an average of the 
corner measurements. 
K-series 
thermocouple 
Figure 3. 15: 1 D tool closure and measurement of mould deflection 
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3.2.4. Liquids Employed for the Physical Modelling of Resin Flow 
Both corn oil and glycerol were considered as substitutes for resin in these 
experiments. However, the requirement to balance the interrelated factors of flow 
rate, mould dimensions, pressure gradients, Reynolds' numbers and time-to-fill 
depended on the viscosity of each fluid. Due to the prior purchase of the pressure 
sensors (discussed later) the low viscosity of corn oil (i.e. 0.051 Pa.s at approx 
25oC to 0.033 Pa.s at approx. 35oC: Abramovic and Klofutar 1998) made its use 
unsuitable. Glycerol, with a viscosity range between 710 mPa.s at 25°C and 470 
mPa.s at 30°C (Appendix A3*) was therefore employed for all of the experiments 
conducted within this chapter. 
For Darcy calculations of permeability it was necessary to obtain accurate data for 
the dynamic viscosity of the glycerol to be used. This was particularly important 
considering both the effects on viscosity of temperature changes and also the 
hydrophilic nature of glycerol. Therefore measurements specific to each bottle of 
glycerol to be used were required. These measurements were conducted using a 
Brookfield RS rheometer (serial number 302011) (Figure 3.16). This equipment 
provides a dynamic viscosity over a range of temperature through the rotation of a 
cone within a thin layer of the liquid, to be tested, over a heated plate (Figure 
3.17). Nine bottles of glycerol were employed in total, and the results provided in 
Appendix A3 (between an average of 1.78 Pa.s at 15°C and 0.47 Pa.s at 30°C). 
This therefore required the temperature of the liquid to be measured during 
injection, which was achieved through the use of K-series thermocouples (as 
shown in Figure 3.1 0, Figure 3.12 and Figure 3.15). 
*Glycerol Viscosity Results.xls on the provided CO-R 
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Figure 3.16: Brookfield RS rheometer 
Figure 3. 17: Schematic of the rheometer's cone and base plate 
K-series thermocouples provide a voltage output linearly related to temperature, 
therefore the precision remains dependent on the voltage reading. However it 
remained necessary to calibrate a set of these thermocouples in relation to the 
viscosity vs. temperature results for the bottles of glycerol that were to be used. 
This involved calibrating the thermocouples to the rheometer's temperature 
controlled base plate. The details of this process are documented in Appendix A4. 
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3.2.5. Reynolds' Number Considerations 
The types of fluid flow resulting from a combination of flow rate, density, dynamic 
viscosity and a fluid-solid interface representing arbitrary length are described by 
Reynolds' numbers (Equation 3.1 ). The arbitrary length (/) may be the surface over 
which the fluid is flowing, the diameter of a pore, or occasionally fibre diameter, as 
discussed in greater detail within Chapter 2. 
Equation 3.1 
As the reciprocal pump provided a range of volumetric flow rates, it was necessary 
to predict Reynolds' numbers through each of the moulds. This was complicated, 
however, by various factors. Firstly, localised fluid velocity (Utoc .• through an empty 
mould) is related to the mould's cross-sectional area: 
Equation 3.2 
For the 1 D mould this is a constant, but for the radial tool the localised flow rate 
changes with radial distance (r): 
Q 
uloc. = 2.Tr.r.d 
Equation 3.3 
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Secondly, porosity ( rjJ) must be taken into account to describe the volume available 
to be filled. Therefore: 
u = 
Q 
A.rjJ 
Equation 3.4 
With regards to estimating Reynolds' numbers, as a reinforcement is compacted 
then both the proportional quantity of pore space and the dimensions of the pores 
change. This raises complications for describing the pores using an arbitrary 
reference length. However, using an assumed pore diameter of 0.5mm (Figure 5.1 
and Figure 7.1) and the viscosity results for glycerol, Reynolds' numbers were 
calculated for a worst case situation of 35% fibre content across a range of 
possible volumetric flow rates (Table 3.2*). These indicate that sufficiently low 
Reynolds' numbers across the lnstron crosshead closure rates shown in Table 
3.1. 
* Re prediction for liquid radial tests. xis on the provided CO-R 
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I ! 10 Liquid Radial Liquid Permeation Piston ! Permeation Predicted Worst Case Re Closure I 
I I Q (m3/s) Highest Number Rate j 
I 
Predicted Worst 
.... _. ____ 
(mm/min) r= r= r= 
! Case Re Number 50 mm 100mm 150mm 
5 0.33 X 10"6 0.6 X 10·3 0.2 X 10·3 1.0 X 10-4 0.6 X 10-4 
-------
10 I 0.65 X 10·6 1.2 X 10·3 I 0.4 X 10"3 i 2.0x10-4 i 1.3x10-4 I j 
I ! 
- -·--.. ·-·-
I 
15 0.98 X 10·6 I 1.8 X 10"
3 0.6 X 10"3 3.0 X 10-4 2.0 X 10-4 
--- ----···-····-----
i 
20 1.31 X 10"6 I i 2.4 X 10"
3 0.8 X 10·3 4.0x10-4 2.7 X 10-4 
' i ' ~--~--~~-~-?-4 -30 I 1.96 X 10"6 3.6 X 10·3 1.2 X 10·3 1 6.1 X 10-4 I i i 
! I 4.8 X 10"3 1.6 X 10"3 I 8.1 X 10"4 15.4x10-4 40 I 2.62 X 10"6 
l 
I ; . I 
,-----
50 I 3.27 X 10"6 I 6.0 X 10·3 12.0 X 10"3 j 10 X 10-4 I 6. 7 X 10-4 ' ! : i 
Table 3.2: Reynolds' numbers for the 10 and rad1al llqwd permeation expenments 
at 0.35 fibre volume fraction, using glycerol 
3.2.6. Time to Fill and Differential Pressure Predictions 
The reciprocating pump enabled flow control to be altered, to some extent, to suit 
the range of pressure measurement available from the pressure sensors. 
However, in addition to Reynolds' number considerations, flow rate control was 
also restricted by the length of time required to fill the sample within the mould 
tool; too fast would prohibit measurement of the flow front position. Appendix AS 
provides calculations of predicted time to fill for both the 1 D and radial mould, 
these predicting that the range of flow rates within Table 3.1 provide the flexibility 
to ensure that wetting permeability measurements may be obtained*. 
* Time to fill predictions for mould design.xls on the CO-R 
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I 
I I Pressure Differential lnstron Closure I Q v, 
I 
Rate (mm/min) I (m3/s) j [inj. pt. · 15cm radius] 
i (bar) 
5 0.33 X 10-6 I 0.09 
10 0.65 X 10-6 I 0.18 I 
' 20 1.31 X 10-6 0.35 
0.1 
30 1.96 X 10-6 0.53 
40 2.62 X 10-6 0.71 
50 3.27 X 10-6 0.89 
I ! 0.33 X 10-
6 I 5 I 0.99 
I I 
10 I 0.65 X 10-6 1.98 I I 
20 1.31 X 10-6 3.98 
0.3 ! 1.96 X 10-6 I 30 i I 5.95 ! 
40 2.62 X 10-6 7.95 
50 I 3.27 X 10-
6 9.92 
Table 3.3: Estimated pressure differentials across a rad1al distance of 15cm for 10 
and 30% fibre content CFMs within the radial liquid permeation mould tool 
Differential injection pressures for the radial liquid experiments were estimated in 
order to determine the full scale ranges of pressure sensors required for the 
experimental design. This was conducted for the radial mould tool, as this was 
constructed prior to the design of the one-dimensional experiments. These 
calculations used the permeability values for Unifilo U750, provided by NIST 
(Parnas and Flynn 1998*), and a representative value of 2 Pa.s for the viscosity of 
glycerol; these being worst case Reynolds number estimates, based on this high 
end of the scale viscosity value. A condensed version is shown as Table 3.3, 
which prompted the purchase of two pressure sensors, including 1 bar and 6 bar 
* Published K values for CFM.xls- Chapter 1 spreadsheet file, on CO-R 
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(gauge pressure) versions of the same model (RS part #: 
2200RGA6001A3UA002, (RS Components Ltd undated), Figure 3.18). Detailed 
spread sheets are provided on the CO-R*. 
From control of the flow rate, both sensors could be employed within the radial 
liquid permeating tool. The 6 bar sensor was mounted to measure injection gauge 
pressure and the 1 bar sensor was mounted at a radial distance of 80 mm (Figure 
3.9) in order to measure the pressure differential within the saturated region 
behind the flow front. 
Electrical 
connection 
Figure 3. 18: RS gauge pressure sensor 
The pressure differential within the 170 mm long, one-dimensional mould tool was 
also estimated*. These assume the extremes of 10 and 30% fibre content within 
Table 3.4, which indicated that both of the purchased pressure sensors would also 
suit the 1 0 liquid permeation experiments. 
* Pressure predictions for mould design.xls on the provided CO-R 
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lnstron Closure I Volumetric I Pressure Differential Vt ' Flow Rate [lnj. pt. 170mm] Rate (mm/min) I -I l I (m3/s) (bar) 
' 5 I 0.33 X 10"6 0.09 
ra.65 
.. 
··-·-
10 X 10"6 0.18 
··-···-···-- ..... ·····························---------·-·"'-
,. _______ 
20 1.31 X 10"6 0.35 
0.1 _________ ,_ .. ______ .. ___ . _______ .. _, __ .... _____________ 
30 1.96 X 10"6 0.53 
············---------------------""-''''·'----~-----.. ·---
40 2.62 X 10"6 0.71 
-----·-----····-· 
..... 
_,, .. _, ____________________ 
............ --
i 50 I 3.27 X 10"6 ! 0.89 I I 
5 0.33 X 10"6 0.99 
....... ·······-·-·····-···-···---···-···-···-············-·· .. ··-----------------
1 10"6 1-'->l_a_ m-I 10 I 0.65 X 
I 20 I 1.31 X 10"6 3.98 0.3 i I 10"6 
r·------ - --------------------------------------------
30 1.96 X 5.95 
r-· I 
i 
-------------
----
40 2.62 X 10"6 I 7.95 
I ! I 
----------- ------------------------
I 50 
i 3.27 X 10"6 i 9.92 
Table 3.4: Predicted pressure differentials for 10 and 30% f1bre content CFMs 
within the 1 D liquid permeation mould tool 
The sensors output a voltage, in response to pressure, within a range of 0-5 volts, 
which did not directly suit the maximum input of 2.5 volts for the Datataker DT500 
(Datataker 2008) datalogging equipment held at the University of Plymouth. This 
therefore required the sensor's signal to be attenuated. The process involved for 
this attenuation is provided in Appendix A6. 
The pressure sensor purchased to complete the airflow experiments in Chapter 4 
was provided with a calibration certificate (Appendix 81 ). Therefore to allow these 
liquid permeation results to be comparable with the airflow permeation results it 
was also necessary to calibrate the 1 and 6 bar gauge pressure sensors against 
the more precise, calibrated sensor. The experimental process for this calibration 
procedure is provided in Appendix A7. 
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In addition, as shown in Figure 3.10 and Figure 3.12, due to the position of the 
central injection point (radial experiments) and liquid gallery (1 D experiments), 
pressure is not measured at the point of sample injection. This could have resulted 
in a possible error, as highlighted by Deleglise et al. (2005) and discussed in 
Chapter 2, where there exists a Poiseuille-type pressure drop within the 
connecting pipe. To measure the significance of this error, and to provide 
calculations for calibrating experimental pressure measurements, empty mould 
experiments were conducted (Appendix A8 and on the supplied CO-R*). 
These experiments found no significant pressure drop between the gallery and the 
sample in the 1 D experiment. However, there was a significant pressure drop for 
the radial liquid experiments. As a single flow rate (3.27x10-6 m3.s-1) was used 
throughout, this resulted in a single correction factor of 14.8 kPa, which was then 
subtracted from the measured injection point pressures for the liquid radial 
experiments. 
3.2.7. Mould Deflection Measurement 
The intra-mould pressures that result from liquid injection had potential for causing 
mould deflection. This would in turn have affected Vr and therefore pore space and 
permeability, and is a concern that has been dealt with in a variety of ways in the 
literature (Chapter 2). Due to the design of the two moulds this deflection would 
occur either from movement in the closure mechanism or flexure of the glass 
mould top; in either case the deflection could be measured directly using a dial 
gauge (precise to ±0.01 mm). 
* [Open Mould lnj. Pressure Calibrations] folder on the CO-R 
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For the radial mould tool this used a steel mounting platform, which attached to the 
aluminium base as a reference point. The dial gauge's magnetic base was then 
attached to the steel frame and an angled mirror allowed the gauge to be viewed 
by a camera, which was mounted above the tool for flow front location (Figure 
3.19). The one-dimensional permeability tests used a similar technique (Figure 
3.20), although here the gauge screwed into the mould's base. 
Camera 
(tripod mounted) 
Dial gauge and 
magnetic base 
Steel platform -~-""-
bolted to 
aluminium base 
Mirror 
Figure 3. 19: Dial gauge measurement of radial mould tool deflection 
Camera 
(tripod mounted~ ~ 
Dial gauge 
bolted to mould 
base 
Mirror 
Figure 3. 20: Dial gauge measurement of 1 D mould tool deflection 
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3.2.8. Sample Preparation 
The cutting of the Unifilo CFM samples required both accuracy and consistency. 
For radial testing this related to both the central injection hole and outer 
circumference, which were achieved by employing a bespoke cutting tool (Figure 
3.21) purchased from Joseph Dixon Tools Ltd . (undated). This was used by 
mounting the tool within ACMC's manually operated Bipel Bytec 400kN hydraulic 
press as shown within Figure 3.21. 
(a) (b) 
Figure 3.21: Radial sample cutting tool (a); mounted with the hydraulic press (b) 
With regard to the one-dimensional experiments, the need was to avoid significant 
race-tracking by ensuring a good fit of the samples within the rectangular mould. A 
similar bespoke cutting tool was also manufactured for this purpose by Joseph 
Dixon Tools Ltd, but it was found that a more accurate sample fit was achieved by 
manual cutting of individual sample layers using a template and 'pizza-cutter' style 
cutting blades. 
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3.2.9. Flow Front Location for Wetting Permeability Measurement 
In order to obtain wetting flow permeabilities, from both techniques, it was 
necessary to be able to record flow front position in relation to pressure 
measurement. For both radial and one-dimensional flow methods this involved 
marking of the glass mould tops so that distance measurements could be made 
from either photographs or video footage. A permanent method such as etching of 
the underside of the glass would have been the preferred method here; however 
the technique for doing this was not available in-house and concerns existed both 
for risk of damage to the glass and time scales for getting this work completed 
commercially. Therefore permanent markers were used to draw the scale onto the 
underside of the glass prior to each experiment (Figure 3.22). 
Figure 3.22: Marked mould tops (radial LHS and one-dimensional RHS) 
for flow front placement 
Images were retrieved for the radial experiments using the author's Panasonic 
Lumix DMC-FZ30 digital stills camera (Panasonic UK Ltd. 2008). This was 
mounted on a tripod above the mould tool and a remote shutter release was 
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employed for convenience. A digital video camera was employed for the one-
dimensional experiments, where individual frames were retrieved for analysis 
using the previously mentioned lmage-J software. The time element was 
calibrated by filming a running stopwatch throughout, as detailed within the 
methodology section below. 
A degree of image manipulation was required prior to data retrieval, which 
involved the following processes: 
Firstly the refraction of the glass mould tops was accounted for by using the drawn 
scales to individually scale each analysis within lmage-J. This involved using the 
scale marks relatively close to the flow front position for setting the scale. The 
actual process within lmage-J involved using lmage-J's line tool (Figure 3.23) to 
draw a line between two scaled reference points. Then (with reference to the 
lmage-J toolbar shown within Figure 3.23) the (Set Scale] tool was employed from 
the [Analyze] menu. 
Line tool Image Wand Tool Analyse 
File Edit age Analyze Pluglns Window Help 
g_~gTS2Ja~±JSIEJ~~~gg~LJIJ~Z[J»l 
lmageJ 1.38e I Java 1.5.0_09 
Figure 3.23: Image J's functions for analysis of wetting flow experiments 
The measurements of flow front positions were different for the two (radial I 1 D) 
techniques. Radial flow involved using lmage-J's line tool to measure the distance 
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of four points (two on the x-axis and two on they-axis) from the central point of the 
drawn scale (Figure 3.22 and Figure 3.24 ), from which an average radial distance 
was calculated. 
Figure 3.24: Measurement of wetting flow front position for radial flow 
The 1 D wetting measurement involved consideration of race-tracking by 
accounting for the curved flow front. This was done by first binarising each image 
using lmage-J's threshold tool, using the [fhreshold] tool within the [Image] and 
then [Adjust] menus, and then subjective control of the black/white thresholding 
(Figure 3.23 and Figure 3.25). Secondly lmage-J's [Measure] tool ([Analyze] 
menu: Figure 3.23) was used to measure the area enclosed by the wetted out 
reinforcement. From this the average flow front distance was calculated using 
knowledge of the mould width. This process first involved setting of the 
measurements required within lmage-J prior to actual measurement, using the 
(Set Measurements] tool within the [Analyze] menu. Then measurements were 
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obtained using lmage-J's wand tool to select the area and then the [Measure] tool 
within the [Analyze] menu (Figure 3.23). 
Selected area 
Figure 3.25: Binarising and measuring of wetted one-dimensional 
flow area with time 
The full set of working images for these wetting flow experiments are not supplied 
with this project due to the size of the computer file (4.6 Gb), but are stored for 
viewing if required. 
3.2.1 0. Liquid Radial Flow Experimental Methodology 
1) 300mm external and 13.58mm (measurement of cutting tool) injection hole 
diameter samples of the Unifilo U813-300 material were cut using the 
cutting tools and hydraulic press (Figure 3.21 ). A range of fibre volume 
fractions were tested (between approximately 0.12 and 0.25 Vt) provided by 
12, 15, 18 and 22 layers of reinforcement, with 5 samples tested at each. Vt 
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was calculated for each specific loading, this being dependent on mould 
closure measurements (below). 
2) Each sample was placed on the aluminium mould base, ensuring that the 
central holes in the samples and the mould's injection hole were aligned. 
The steel framed glass mould top was then carefully placed on top of the 
sample and the bolts tightened to bring the top down onto the spacer shims. 
The resultant cavity depth was then measured at each corner using slip and 
feeler gauges (Figure 3.11 ). These measurements were then both used to 
calculate an average cavity depth and also judge whether there was a 
significant error across the samples, with the process repeated should this 
be the case. 
3) The dial-gauge and mirror were then positioned on the glass mould top and 
the digital stills camera, with remote shutter release, mounted on a tripod 
above the tool. 
4) The datataker readings of pressure and flow temperature were 
synchronised with the position of the flow front by photographing a 
stopwatch against the Delogger's program timer on the laptop screen and 
then placing of that stopwatch on the mould top during filming. 
5) The injecting pump's plumbing tube was then mounted into the push-fit 
connector in the centre of the base of the mould and the injection initiated. 
The injection pump closure rate was maintained at 50mm/min across all of 
the experiments, giving a volumetric flow rate of 3.27x10-6 m3.s-1 and 
suitable predicted injection gate pressures for the 6 bar pressure sensor. 
6) As the flow front progressed images were taken using the digital camera 
(e.g. Figure 3.26) and gauge pressure readings retrieved via the datataker. 
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Figure 3.26: Image retrieved for wetting flow permeability measurement 
7) To obtain wetting measurements, analysis of the images, in order to provide 
flow front placement against time, were undertaken using the lmage-J 
software. 
8) Saturated radial measurements were retrieved via the average of pressure 
differentials between the two pressure measurement points (Figure 3.1 0). 
9) Then both saturated and wetting radial flow permeability were calculated , 
with these results provided on the included CO-R* 
3.2.11. 1 D Liquid Flow Experimental Methodology 
As previously discussed, both air and liquid flow permeabilities were measured 
through each sample using the one-dimensional flow tool. The initial airflow stages 
are introduced in the following chapter, and the methodology also described at that 
point. The following therefore provides the methodology for liquid permeability 
measurement, which may be conducted with or without the prior airflow 
measurements. 
*[RADIAL LIQUID PERMEABILIY Results] folder 
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1) Samples were first cut, consisting of a range of 12, 14, 16, 18 and 20 
layers, and loaded within the one-dimensional mould tool (providing an 
approximate range between 0.11 and 0.22 Vt). Actual Vt was calculated for 
each specific loading, dependent on mould closure measurements (below). 
2) The tool was closed using four G-clamps, with aluminium L-plates and a 
strip of cardboard to protect the glass as shown within Figure 3.27. The 
outside tool depth was then measured, using the in-house calibrated digital 
callipers, and the internal cavity depth calculated (as per Appendix A2). 
Pressure 
measuremen~ 
point 'l:t.==:.f.:i 
Aluminium 
plates 
(cardboard 
strips beneath 
these) 
Pl;:m viP.w 
Figure 3.27: Schematic plan view of closed one-dimensional mould tool 
3) The dial gauge was mounted (Figure 3.20), and the thermocouple inserted 
into the end of the sample (Figure 3.27). The glycerol injection tube and 
either appropriate pressure sensor (depending on the predicted pressures 
relating to the fibre volume fraction, as per Appendix A5) were attached 
(Figure 3.27). 
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4) Data-logging of pressure and temperature was then initiated and the 
datataker time marks linked with the flow front movement. This was 
achieved by videoing the Delogger data-logging screen with a running 
stopwatch held in the frame. 
5) The video camera was then mounted on a tripod above the 1 D mould tool, 
with the stopwatch placed onto the mould top within the video frame and a 
mirror positioned so as to reflect the dial gauge into the frame (Figure 3.22). 
6) The lnstron driven glycerol injection was then initiated and continued until 
the sample was (visually) saturated and then for a further minimum of 20 
seconds, whilst filming of the process continued. 
7) The collected data was analysed to provide air and both saturated and 
wetting liquid permeability. These results are provided on the included CD-
R*. 
3.2.12. Statistical and Random Error Analysis Methodology 
For permeability measurements the statistical techniques used for all of these 
experiments included: 
Averaged permeability at each fibre volume fraction with standard 
deviations. 
Regression analysis in the form of fitted trend lines; with associated 
equations and R2 values. 
Averaged fibre volume fractions and standard deviations at each grouping 
of permeability measurements; this accounted for the slightly different 
mould cavity depths with each mould closure. 
* [One Dimensional Liquid and Air Permeability Results] folder. 
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Random errors arose from both the experimental techniques and equipment 
tolerances and also the tolerances resulting from the materials manufacture. 
These random errors affected both fibre content and permeability calculations and 
therefore required consideration separately to the descriptive and inferential 
statistics mentioned above. The random error analysis is discussed and presented 
in Appendix A9. 
3.3. Radial and 1 D Liquid Permeation Experimental Results 
Averaged permeability results for both radial and 1 D, wetting and saturated, 
experiments conducted on Unifilo U813-300 are presented graphically within 
Figure 3.28. The curves are fitted using an exponential fit, purely due to high R2 
values. This is also presented in tabulated form in Appendix A 10, which includes 
discussion of the lack of relationship between standard deviations and fibre 
volume fraction*. 
In addition, any correlation between the spread of permeability results and fibre 
content was investigated in Appendix A 10. There, standard deviations for 
permeability, as percentages of permeability, have been plotted against fibre 
volume fraction. This showed no correlation, and therefore no increase or 
decrease in experimental precision was shown as pore size and pore size 
distribution altered. 
* also included on the CO-R as Liq. Radial and 1 D Comparison.xls 
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Figure 3.28: Liquid permeation results for Unifilo U813-300, including standard 
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Figure 3.29: Logarithmic permeability axis liquid permeation results for Unifilo 
U813-300, including standard deviation indicator bars (V, and K) 
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3.3.1. Comparison of Radial and One-Dimensional, Wetting and Saturated 
Permeability Measurements 
Table 3.5 provides the average permeability values across all four techniques at 
representative fibre contents, calculated from the lines of best fit equations, as 
shown in Figure 3.28 and Figure 3.29, for each technique. The standard deviations 
from these techniques are also provided. 
Average Permeability 50s across SDs 
v, across all techniques techniques (as% of 
(m2) (m2) average K) 
0.10 1 49 X 10-10 
i 
4.3 X 10-10 I 8.75 
1-----~~~I 24 X 10-10 0.54 X 10-10 2.3 
0.20 11 X 10"10 I o.51 x 1 o-
10 4.45 
t----
! 0.25 5.6 x 1 o-10 0.61 X 10-10 i 10.85 
! I ••R--·-·• .. n•o•n 
0.30 2.8 X 10-10 0.47 X 10-10 17.05 
Table 3.5: Range of results from the four techntques, both as standard deviations 
and also as a % about the mean 
3.3.2. Analysis of Standard Deviations and Random Errors for All Liquid 
Techniques 
Table 3.6 and Table 3.7 provide permeability results averaged across wetting and 
saturated flow for both radial and one-dimensional flow respectively. Included 
within these tables are the differences between wetting and saturated flow, and 
the random errors and standard deviations portrayed as percentages of the 
average of the combined wetting and saturated results. 
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Wetting Radial I Saturated Radial 
I I Range: ± I I ± 1, SDs 
I 
Average I Wet. Vs. Random I SDs Random 
Liquid Radial i Sat. Fitted Errors I (as % of Errors I (as % of 
Vt 
0.15J 
0.19 
0.22 
0.26 
· T~nd I Permeability I (as% of I Average (as% of Average 
2 i Lines (m ) 1_ ( 0, f _ Average 1 K) Average . K) 
, as 10 o : K) J K 1 I Average K) I I 
22 X 10-lU I 2.97 l 12.42 11.57 I 12.66 I 11.34 
15 X 10"10-l 3.03 I 12.00 19.27 __:c1::.:1.~47~==:1~=1~2~.5~1=~ 
---9.9 x 10-m--T 3.07 12.64 12.63 12.65 13.64 
5.3 x 1 o-ro-r 3.12 - 9.87 11.25 9.88---- 8.25 
Table 3.6: Radtal flow ltqwd permeability averaged across both wettmg and 
saturated flow, including random errors and standard deviations as percentages of 
the average 
Wetting 1D Saturated 1 D 
Range I i 
between ± ± I Average I Wet. and Random SDs Random I SDs Liquid One- Sat. Fitted Errors (as% of Errors I (as% of Vt Dimensional 
Permeability Trend (as% of Average (as% of I Average 
(m2) Lines Average K) Average I K) (as% of K) K I 
Average K) i 
0.11 48 X 10"10 I 3.13 i I 6.80 8.23 6.48 I 5.79 
0.13 33 X 10-10 ' 2.64 I 10.71 8.44 10.26 7.69 I I 
0.16 21 X 10-fO 1.90 8.51 14.47 8.13 12.08 
0.18 14 X 10-fO I 1.40 7.60 11.53 7.29 I 11.51 
0.20 11 X 10-fO 0.91 7.53 15.79 7.20 15.14 
0.22 7.2 X 10-fO 0.41 6.72 3.55 6.59 5.94 
.. Table 3. 7: One-Dtmenstonal flow ltqwd permeabtltty averaged across both wettmg 
and saturated flow, including random errors and standard deviations as 
percentages of the average 
3.4. Discussion of the Experimental Liquid Permeability Measurement of 
Unifilo U813-300 and USS0-300 
The experimental development processes undertaken within this chapter have 
employed the wealth of reviewed literature discussed in chapter two in order to 
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consider the many issues involved with liquid permeability testing. As such, both 
the radial and one-dimensional, wetting and saturated, techniques have 
incorporated a rigorous consideration of potential sources of error. These include: 
- tolerances in the Unifilo material and also preparation of the samples for 
testing; 
- fluid viscosity measurements for each individual source of glycerol as well as 
viscosity response to temperature; 
- measurement of fluid temperature and calibration of the thermocouples to suit 
the rheometer; 
- control of the pumping mechanism and measurement of flow rate; 
- measurement of pressure gradients and consideration of resultant Reynolds' 
numbers for the specific fluid used; 
- control and measurement of cavity depths and mould deflection, and 
positioning of the flow front for wetting experiments. 
Appendix A9 provides defence of this where both the ±2 standard deviations 
predicted data ranges and the random error bars are shown within the same 
graphs. These indicate that random errors for permeability measurement are 
significantly lower than the spread of results actually measured. Therefore the 
effect of differences between samples of the material may be assumed to be of 
greater significance than issues with the testing techniques. 
The rigorous approach, in terms of the above considerations, has allowed for 
robust permeability measurements to be obtained. The results and statistical 
analysis has been presented and these results are discussed in greater detail as 
follows: 
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3.4.1. Initial Comparison of Radial and One-Dimensional Liquid 
Permeability Testing Techniques 
R2 values for the fitted curves in Figure 3.28 and Figure 3.29 are considerably 
greater than 99%, indicating an accurate representation of the collected data. 
Comparison of these curves show markedly different relationships between radial 
and saturated flow and fibre content, with comparatively minor differences 
between wetting and saturated results within each technique. 
Although the radial and 1 D curves have different trends, in relation to V1, the 
standard deviation error bars show that at up to approximately 20% fibre content 
the average permeability data points for all techniques fall within a standard 
deviation of each technique's permeability. Then at the maximum V1 measurement 
for 1 D flow, the 1 D flow trend line falls roughly within 2-standard deviations of the 
radial flow measurements, although not within 2-standard deviations of the 1 D 
measurements. The indication here is that no significant variation in permeability 
exists at the lower fibre contents across the methods, however the difference 
begins to become significant as Vr increases. 
Table 3.5 provides standard deviations of all four of the techniques combined. 
These are presented both in Darcy permeability units (m2) and also proportionally 
as percentages of the mean permeability. Due to the different gradients between 
the radial and one-dimensional results there is a non-linear relationship for the 
difference between the two techniques of radial and 1 D. Here the variation, 
represented as a standard deviation, reduces from approximately ±9% at a V1 of 
0.1, to just over ±2% at 1.15 Vr, and then increases to over ±17% at a high V1 of 
0.3. Therefore, although initial comparison suggests that the methodology has 
been able to show no significant difference between the results retrieved, further 
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analysis has shown a considerable range in permeability results obtained from the 
two techniques, which is dependent on fibre content. 
3.4.2. Closer Comparison of Radial and One-Dimensional liquid 
Permeability Testing Techniques 
A greater depth of information for judging the robust nature of each technique is 
provided in Table 3.6 and Table 3.7. These provide an average permeability for 
each technique. Then both random errors and standard deviations are provided as 
percentages of that mid-point line. 
The differences in results between wetting and saturated results are relatively 
small in comparison with both the standard deviations within, and the random 
errors affecting each technique (Table 3.6 and Table 3.7). Therefore, although 
reasonably consistent, these results cannot confirm a definite significant difference 
between wetting and radial flow. This can be related to discussion in Chapter 2, 
where Breard (1997) discussed smaller differences between the wetting and 
saturated measurement of mats than those seen for fabrics. Also discussed was 
the reduced significance of capillary driven flow as pore sizes increase. As 
capillary driven flow only occurs during wetting, and as inter-bundle pore sizes 
within mats are far larger than inter-tow pore sizes within fabrics, this further 
supports that the difference between techniques would be less pronounced for 
mats. 
Although there is no significant difference between wetting and saturated flow for 
the two techniques, there is a difference in the standard deviation of data between 
wetting and saturated flow for radial testing. For radial testing, saturated flow was 
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shown to have a lower range of standard deviations than wetting flow (SDs as 
approximately ±8.25% to ±13.6% in comparison with ±11.25% to ±19.27%); 
whereas no real difference between saturated and wetting can be suggested for 
10 flow (SDs as approx. ±5.79% to ±15.14% compared with ±3.55% to ±15.79%). 
Although arguable that no clear difference between the two techniques exists, 
random errors are shown to have a marginally higher significance within the radial 
flow testing than within the one-dimensional testing (between ±9.9% to ±12.7% in 
comparison with between ±6.5 %to ±10.7 %). No marked difference in random 
errors exist between wetting and saturated flow within each of the two techniques. 
To summarise, the liquid permeability experimental techniques have followed a 
rigorous development process and provided specific and reliable permeability data 
for Unifilo U813-300. Saturated one-dimensional testing provided a marginally 
lower spread of results than the other tests and both wetting and saturated one-
dimensional flow provide lower random errors than the radial tests. 1t may 
therefore be concluded that the one-dimensional testing technique is more robust 
in terms of providing reliable permeability results for CFM materials, which agrees 
with Lundstrom et al's (2000) recommendations (as discussed within Chapter 2). 
This is further supported in the next chapter when comparison with the two airflow 
tests show that the radial liquid curves do not follow the same trend with fibre 
content. 
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Chapter 4- Air Permeability Measurement of CFM 
Reinforcements 
4.1. Introduction 
The focus of this chapter is the development of novel radial and 1 D airflow 
permeability measuring techniques aiming at addressing industrial requirement for 
specific, efficient and robust measuring techniques for CFM materials. These 
rigorously take into account the issues detailed in the literature, discussed in 
Chapter 2, as well as sources of random errors generated by the tooling designed 
and equipment employed. 
The difference between wetting and saturated liquid flow permeability has been 
shown to be insignificant in comparison to the experimental errors associated with 
each technique (Chapter 3). Although airflow may be considered as saturated flow 
(air displacing air), there is a marked difference between the fluids of glycerol and 
air and therefore comparison with liquid results is essential. As such the 
benchmark results for Unifilo U813-300 (Chapter 3) have been employed to assist 
in the validation of these airflow techniques. 
Chapter 2 discussed the potential advantages of using air/gas flow in place of 
liquid flow. These include: the potential for lighter weight tooling due to the lower 
pressures involved; cleanliness and reduction in data acquisition time; the 
comparative ease of fluid supply, and the potential for use as an in-situ non-
destructive technique prior to real-time processing (i.e: Liang, Zhang et al. 2000; 
Ding, Shih et al. 2003; Kim, Opperer et al. 2003). In summary, these all lead to a 
more user-friendly, less time consuming testing technique. The potential 
advantages are highly motivational for real-time industrial applications, therefore 
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prompting the project sponsor's (MVP 2008) initial interest for developing a 
commercial method for permeability testing using air. 
Chapter 2 also raised a variety of concerns involving the ability of a gas to 
represent the flow characteristics of liquids, and has also highlighted where gas 
flow has been previously employed in this manner within literature (Hwang, Um et 
al. 2000; Liang, Zhang et al. 2000; Um, Daniel et al. 2001; Kim, Opperer et al. 
2002; Ding, Shih et al. 2003; Kim, Opperer et al. 2003; Opperer, Kim et al. 2004; 
Kim and Daniel 2005; Scholz, Gillespie Jr. et al. 2007). These works have been 
discussed in greater detail in Chapter 2. However, those papers primarily focused 
on sophisticated investigation of defect location rather than permeability 
characterisation. 
Similar considerations to those for liquid permeability experimentation, as covered 
within Chapter 3, are necessary for air flow. These include both the control of flow 
rates and pressures, the effect of Reynolds' numbers and control of cavity depth. 
In addition, considerations for avoiding compression of a gas, measurement of its 
viscosity and the effects of humidity on its density and viscosity provide further 
complications. 
This chapter achieves validation of these techniques, which were then employed 
for investigation of the CFM materials. This work included: 
Use of the radial airflow technique for the further characterisation of Unifilo 
CFMs by investigating the effect of the presence of varying quantities of 
inter-laminar pore space. 
203 
Clm{)[er 4 Permenbility Characterisation of Continuous Filnment i\4ats for Resin Transfer lvfoulctino 
Use of the one-dimensional airflow technique for permeability measurement 
of Unifilo U850-300; 
Commercial employment of the radial airflow technique, on behalf of the 
project sponsor (MVP 2008), to provide comparative results for existing 
commercial materials against a material provided by a direct-into-mould 
injection-preform machine (Appendix 01 ). 
4.2. Experimental Design 
The 1 D airflow experiments employed the same mould tool as for the liquid testing 
(Chapter 3). The development of this will be covered only in terms of how the 
process enabled the air to be injected and measured. In comparison, the radial 
airflow involved a very different design and will be covered in greater detail. 
4.2.1. Radial Airflow Permeability Mould Tool Design 
The radial air flow permeability measuring tool involved use of two 300 mm 
diameter aluminium platens mounted between the crossheads of an lnstron 5582 
Universal Testing machine (instrument number: 5582J7466) shown schematically 
in Figure 4.1. This design allowed for the cavity depth to be altered using the 
lnstron control, and therefore allowed for a range of experimental runs to be 
retrieved consecutively across fibre contents for a single loading of a single 
sample. 
Before this PhD study, work investigating the 'back pressure' changes during 
injection in response to fibre content was undertaken by Jaffrezic (2004 ). This 
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employed the two circular aluminium platens, which were subsequently modified to 
suit the developing needs of this project (Figure 4.2), including: 
Black anodising of the aluminium platens, completed by Plym Plating Works 
Ltd . (2005), Plymouth, to provide some protection to the surface of the platens. 
Cutting of a plastic insert to fill an existing circular gallery/cavity in the base 
platen in order to provide a smaller and more controlled injection point (Figure 
4.2) with a diameter of 12.63 ± 0.01 mm. 
Fitting of a thermocouple to measure flow temperature (for viscosity 
calculations). This involved drilling of a hole into the base platen and 
subsequent feeding of that thermocouple through the plastic insert (above). 
Manufacture of base (Figure 4.3) and top (Figure 4.4) mountings to attach the 
mould platens to the lnstron cross-heads (Figure 4.1 ). These were 
manufactured in-house at the University of Plymouth. 
Flow Closure 1 
control 
provided by 
lnstron 
Aluminium b 
mould ~----c::::J-i .. 
platens 
Pressure~ 
relief valve crosshead 
Thermocouple 
Figure 4. 1: Schematic representation of the radial air 
permeation experimental setup 
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Figure 4.2: Fitting of a plastic insert and thermocouple into the base mould platen 
Figure 4.3: Underside of the base mould platen, with the injection point push-fit 
tube connector, thermocouple and lnstron base mount fitting visible 
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Figure 4.4: Aluminium platens mounted within the lnstron 
Concerns existed regarding the parallelism of the unsupported platens. This was 
assessed by measuring parallelism of the platens when closed, to the point of first 
indication of a load from the lnstron, using feeler gauges around the perimeter 
(Figure 4.5). This was then corrected by using plastic shim material (Plastic Shims 
and Gaskets 2006) placed between the base mount and platen to a minimised 
repeatable error of less than ± 0.1 mm in cavity depth around the mould tool's 
perimeter. 
Figure 4. 5: Use of feeler gauges to measure the parallelism of the mould faces 
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Cavity depth during experimentation was achieved through measuring across the 
external faces of the platens using the in-house calibrated digital callipers, as 
shown within Figure 4.6. From this the cavity depth became a measure of the 
difference between this measurement and the sum of the thicknesses of the two 
platens. 
Figure 4. 6: Use of calibrated digital callipers for the measurement of cavity depth 
4.2.1.1. Radial Airflow - Significance of Errors in Cavity Depth 
Both the above discussed parallelism accuracy (± 0.01 mm at the perimeter) and 
the precision of the digital callipers (±0.01 mm), used to measure the cavity depth 
and the depth of the two platens, produced a random error for cavity depth 
measurement. The significance of this error depends on the depth of 
reinforcement to be measured, and therefore the number of layers loaded within 
the mould tool. This was further complicated by the variable cavity depth. 
Therefore predictions of the significance of these errors were made for a range of 
quantities of reinforcement layers (6, 10 and 14). The results are shown in Table 
4.1 *, which presents random errors as percentages of the cavity depth required to 
* Parallelism predicted errors radial air.xls on CO-R 
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achieve the stated v,. Parallelism is shown to have a potential error of between 
±1.5% and 4.6% for 6 layered samples at the perimeter of the mould tool; however 
this error would reduce in significance closer to the injection point. The digital 
calliper measurement provided an insignificant error in precision with a maximum 
of ±0.5%. 
I Numberof Predicted ± % Required Error Relating to Predicted ± % Error 
v, Reinforcement Cavity Parallelism Relating to Cavity 
I Layers Depth (using a Measurement I (mm) representative ± Precision of± 0.01 mm I 
I l 0.1mml I 
0.1 J 6.6 1.5 0.2 r-·---J [~----3.3 I 0.2 6 3.0 0.3 f-------- I I 2.2 ) 4.6 I 0.5 0.3 ! I 
0.1 I 11.0 0.9 0.1 
--- -·-----
0.2 10 5.5 I 1.8 0.2 
---·- '---
0.3 3.7 2.7 0.3 
--· 
0.1 15.3 0.7 0.1 
-··-·······---·---
..... ,. ____________ 
0.2 14 7.7 1.3 0.1 
1-----·-
o.3 1 5.1 I 2.0 0.2 
Table 4.1: Pred1cted cav1ty depth random errors, due to parallelism and 
measurement precision tolerance, for 6, 10 and 14 reinforcement-layered samples 
4.2.1.2. Radial Airflow -Prediction of Reynolds' Numbers 
The radial airflow technique was especially sensitive to the balance of Reynolds' 
number factors due to the variable cavity depth, which causes flow velocity (for a 
constant volumetric flow rate) to increase not only due to reduced porosity but also 
reduced mould cross-sectional area. 
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Reynolds' numbers were calculated for the radial airflow experiments, as they 
were the first to be conducted during this PhD. Original calculations were made 
employing a nominal figure for fibre diameter (91Jm), which indicated that Re could 
be maintained below 1 using a flow controller with a range up to 5 Llmin*. 
Subsequent Re calculations employed a reference length (I) of 0.5mm (as used for 
the subsequent liquid permeability experiments detailed within Chapter 3). The 
results now suggest that figures to match Michaud and Mortensen's (2001) value 
of 1 were not actually maintained during these experiments (Figure 4.7). 
The results from this chapter actually show no significant effect due to this. 
However, with a retrospective view point it should be noted that different ranges of 
flow control and pressure sensing are possible from the respective manufacturers 
(Omega Engineering Ltd. and Gems Pressure Sensors). Flow control is available 
through a similar flow controller from Omega (as the one discussed in more detail 
below) for 23 different pressure ranges, with full scales from 10 cc/min (1.67 x 10-7 
m3/s) to 75 Llmin (1.25 x 1 o-3 m3/s). Respectively, a range of Gems sensors are 
available for full-scale pressure measurements between 1'4 " and 1 00" of water 
(62.27 Pa and approximately 1'4 bar). Therefore with sufficient funding, although 
arguably unnecessary, it would be possible to repeat these experiments and 
maintain Reynolds' numbers below 1 (Appendix A 11 ). 
* Air Radial K- Reynolds Number Predictions. xis on the provided CD-R. 
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Figure 4. 7: Reynolds' number predictions for radial airflow (L= 0.5mm) 
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4.2.2. Flow Control 
The volumetric flow controller (part number: FMA-A2408 - Omega Engineering 
Ltd. 2007) purchased to suit the original Re predictions provided a full scale range 
of up to 5 Umin (8.33 x 1 o-5 m3.s-1) and a calibrated accuracy of 1% of its full scale 
of 5 Umin (detailed in Appendix 82). A simple wooden board was employed for its 
mounting (Figure 4.8); this included a low-cost moisture trap, purchased through 
Air Controls Ltd. of Plymouth, and a simple cut-off valve. The moisture trap was 
employed primarily to protect the expensive flow controller from condensation 
arising from the expanding compressed air. However an additional benefit was the 
removal of the need to consider humidity effects on fluid density. The cut off valve 
was employed as a quick method for cutting airflow to the experimental apparatus. 
Figure 4.8: Omega 1 to 5 Umin flow controller, mounted with cut-off valve and a 
moisture trap for instrument protection 
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4.2.2.1. Pressure Measurement 
With all other parameters of the Darcy equation determined through experimental 
design, including flow rate (Q), fluid viscosity (JJ), and mould dimensions (A), it was 
necessary to determine the range of the required pressure measurement prior to 
the purchase of pressure sensors. These calculations were made from 
rearrangement of the Darcy equation for radial flow so as to provide the pressure 
differential for a given permeability: 
oP = f.l.Q ~n(,.__J 
K.2.Jr.d r0 
Equation 4.1 
Predictions were made using the already determined parameters of mould 
dimensions and volumetric flow rates, and using permeability data obtained from 
literature (Parnas and Flynn 1998) for a heavier weight Unifilo (U750). In addition 
air viscosity was calculated using Kaye and Laby's (1966) equation and table of 
reference viscosities and absolute temperatures as previously presented in 
Chapter 2 (reiterated as Equation 4.2 and Table 4.2). 
Equation 4.2 
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0°C 20 °C I 50 °C · 100 °C i 150 °C Sutherland's 
J (273 K) (293 K) I (323 K) I (373 K) J (423 K) constant (C) 
·--·--j··--·-····- ........... ------
Viscosity i I I i 
of Air l1.71x1o-s 1.81x1o-s! 1.95x1o-s i 2.18x1o·5 i 2.39x1o-s 117 
(Pa.s) i ! i ! I ! ! ! 
Table 4.2: Reference viscosity and temperatures, and Sutherland's constant for 
dry air (Kaye and Laby, 1966) 
These predicted pressure ranges, for the planned radial airflow permeability 
experimentation, are included as Appendix A 12, and are summarised here as 
Table 4.3. This indicates a substantial range of pressures between 1.84 Pa, at a 
flow rate of 1 L/min for a 0.1 Vt 6-layered sample, and 659 Pa, at a flow rate of 5 
Llmin for a 0.35 Vt 6-layered sample. Such a broad range of pressures is a 
function of two major components: The first is the exponential inverse relationship 
between permeability and fibre content (thus causing pressure to rise 
exponentially with an increase in Vt: Equation 4.1 ). The second is the reduction in 
cavity depth (d) in order to increase fibre content, which results in a linear increase 
in the required driving pressure (Equation 4.1 ). 
The only way in which this issue could have been avoided, other than purchasing 
of a range of expensive pressure sensors, would have been to use different 
numbers of sample layers to cover the fibre content range. However, this would 
have defeated the object of an experimental technique designed to measure 
permeability across a fibre volume fraction range for a single sample. 
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Pressure Differential for 6 
Q (Umin) Layered Samples (Pa) 
Vt = 0.1 Vt = 0.35 
1 1.84 132 
2 3.68 264 
3 5.51 I 395 
4 I 7.35 ! i 527 
5 9.19 659 
Table 4.3: Predicted pressure differentials for the radial airflow permeability 
measurement of Unifilo reinforcements 
From the calculations and predicted results shown in Table 4.3 a Setra (also 
marketed as Gems) 0 to 21'2 inches of water (623 Pa) differential pressure 
transducer (Figure 4.9) (part number: 2651-2R5WD-2B-T1-F- Kempston Controls 
2006) was chosen. This had a certified calibrated accuracy to 0.25% of its full 
scale (Appendix 81 ), as previously discussed when subsequently used to calibrate 
the liquid pressure sensors employed in Chapter 3. 
Figure 4.9: Differential pressure transducer 
(image: Gems Sensors & Controls 2008) 
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The transducer used a 24 V power supply and measured the pressure differential 
between the static air within the pipe connected to the transducer and atmospheric 
pressure. A 0 to 5 V output, linearly related to the pressure range was logged 
every second, via the Datataker DT500 datalogger, using Delogger software 
(Datataker 2008). As for the liquid permeability experiment's sensors, it was again 
necessary to attenuate the signal to suit the Datataker's 0 to 2.5 Volt input range 
(Appendix A6). 
The pressure transducer was protected from over-pressure by a low-cost pressure 
relief valve (Figure 4.1 0) (part number: 1776K-0-05 - Air Controls Ltd.), this being 
attached between the injecting tube and the pressure transducer. This release 
valve was designed to release pressure above 5 psi (approximately 34.5 kPa). As 
this was a low-cost piece of equipment it was important to ensure that there was 
no release at lower pressures, such as during experimental conditions; this 
involved testing of the valve underwater. This process is shown in Figure 4.11, 
where pressure could be increased by restricting flow through the "open air 
release" whilst readings were taken. No bubbles were seen with restriction far past 
the full scale of the transducer, therefore it was concluded that the release valve 
was fit for purposes and did not provide a source of error. 
Ringed top 
automatically 
lifts when 
pressure 
reaches the 
prescribed 
safety point 
Figure 4. 10: Pressure relief valve 
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Figure 4. 11: Testing of the pressure relief valve 
4.2.3. 1 D Airflow Permeability Measuring Mould Tool Design 
As discussed in Chapter 3, the one-dimensional permeability experiments involved 
both airflow and then liquid flow consecutively through the same samples within 
the same mould tool. The previous chapter therefore contains the full discussion of 
the mould tool design. The remaining additional considerations for the use of air 
included Reynolds' number estimates. 
Considerations were supplied in comparison to radial airflow, due to the constant 
cavity depth. The calculations are provided on the supplied CO-R* and results 
shown graphically as Figure 4.12. 
* Air One-Dimensional K- Reynolds Number Predictions.xls' 
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Figure 4.12: Reynolds' number estimates for 10 airflow (L-= 0.5mm) 
The use of a representative pore diameter of O.Smm gives Re considerably higher 
than Michaud and Mortensen's (2001) value of 1. However, the worst case 
scenario for the 1 D technique is less significant (by a factor >1 0) than the radial 
airflow Reynolds' number predictions shown within Figure 4.7. 
4.2.3.1. Radial and 1 D Airflow - Calibration of Pressure Measurements 
As with the liquid permeability experiments of the previous chapter, there 
remained the requirement to calibrate pressure measurement to account for the 
distance between the point at which it was measured and the actual point of 
injection into the mould. This was conducted in much the same manner as for the 
liquid experiments (Appendix AB). 
These experiments indicated that for the one-dimensional airflow experiments 
there was an insignificant pressure drop caused by pressure measurement 
location. This was expected due to the close proximity of the pressure 
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measurement point to the reinforcement, the low viscosity of the fluid, and the 
relative size of the reservoir. 
However, there was a significant error indicated for the radial airflow experiments, 
which required a calibration calculation (Equation 4.3) for the differential pressure 
measurements (Appendix A8). This was subsequently used when analysing the 
radial airflow experimental data: 
Corrected lnj. Pressure= Pmeasured- (7 X 109.02 + 5 X 1 05.0) 
Equation 4.3 
Where: Pmeasured =the measured injection gate pressure; 0 =volumetric flow rate. 
4.3. Experimental Methodology 
Two distinct methods have been employed for the work presented in this chapter, 
these including radial and then 1 D airflow. The radial airflow methodology is 
detailed in full below. However, as the one-dimensional experiment was a 
combined liquid and airflow experiment, in which the air was injected prior to the 
liquid, the methodology below details only the airflow element of the experiment. 
The one-dimensional airflow method was then used alone (without liquid flow) to 
measure the permeability of Unifilo U850-300. 
Also included within this section are details of the various areas of investigative 
work undertaken using these techniques, as previously listed in Section 4.1. 
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4.3.1. Radial Airflow Experimental Methodology 
1) Samples of the Unifilo U813-300 material were cut (300mm outer diameter 
and 13.58mm injection hole blade diameter)using the previously described 
cutting tool and hydraulic press. 
2) The empty radial mould tool was closed, in the lnstron, until the platens 
touched (using the load cell's readings to ensure over compression did not 
occur). The parallelism of the platens was then measured, and the lnstron's 
extension reading zeroed to provide a closed mould reference point for 
machinery control. 
3) The mould was opened and a 6-ply sample was placed between the 
aluminium mould platens. Then, using the lnstron's controls and extension 
reading, the mould cavity was closed to an approximate depth required for 
a fibre volume fraction of 0.1. The cavity depth was then measured 
accurately using the calibrated digital callipers. 
4) Air flow rate through the sample was controlled initially at 1.67 x 1 o-5 m3/s (1 
Llmin) and both differential pressures and airflow temperatures were 
recorded every second over a 20 second period. This was then repeated at 
air flow rates of 3.33 x 10-5 (2 Llmin), 5 x 1 o-5 (3 L!min), 6.67 x 10-5 (4 Llmin) 
and 8.33 x 10-5 m3/s (5 L/min). 
5) The mould was then closed further to progressively smaller cavity depths, 
with the flow measurement processes repeated, until a fibre content of 
approximately 35% was reached. 
6) This complete process was then repeated for a total of 10 fresh samples at 
6 layers and 5 samples at each of 10 and 14 layers (although a more 
limited range of flow rates were employed for the 1 0 and 14 layered 
samples due to the lower resultant pressures at increased cavity depths). 
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4.3.2. 1 D Airflow Experimental Methodology 
1) Samples were cut and loaded within the mould tool, the tool closed, using 4 
G-clamps, and cavity depth measured using the calibrated digital callipers. 
The U813-300 material measurement involved the 12, 14, 16, 18 and 20 
layered samples detailed within the previous chapter. The U850-300 
samples employed a more efficient methodology where initially 8 layers 
were loaded within the mould. This was then opened after testing and a 
further 4 layers added, retested, and repeated to provide a range of 8, 12, 
16 and 20 layers. 
2) Pressure measurement and injection tubes were attached and airflow 
controlled at an initial 1 Umin, and measurements data-logged for a 
minimum of 30 seconds. At this point air flow was stepped up to 2 Llmin 
and pressure and temperature logged again for a minimum of 30 seconds. 
This process was then repeated at flow rates of 3, 4 and 5 L/min. 
3) The dial gauge was employed to monitor mould deflection, but proved 
unnecessary as no measurable deflection occurred during airflow 
measurement. 
4) For the U813-300 material, each airflow measurement was succeeded by 
glycerol flow measurement. Therefore for each sample: after completion of 
each airflow measurement, the injection tube and pressure measurement 
tube were removed and replaced by the glycerol injection and 
measurement tubes, as detailed within Chapter 3. This process was not 
repeated for the U850-300 material having validated the method by 
comparison of the U813-300 airflow and liquid flow permeabilities. 
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4.3.3. Methodology for Verification of the Techniques 
Verification of the airflow techniques involved comparison of results with those 
obtained for U813-300 in Chapter 3. The radial airflow experiments were the first 
conducted during this PhD, as they followed from Jaffn3zic's (2004) preliminary 
study. These therefore prompted development of the radial liquid technique for 
validation purposes. The 1 D approach, which enabled validation within the same 
experimental run, then followed. The radial airflow work has been published 
(Pomeroy, Grove et al. 2007) and also presented at 2 conferences (Pomeroy et 
al., 2006a and b) (Appendix C). 
4.3.4. Methodology for Industrial Development of the Radial Airflow 
Technique 
This project sponsor (MVP 2008) had an interest in employing the radial airflow 
technique at shop floor level, and therefore wished to lower the cost of the flow 
control and pressure sensing equipment used. Work was undertaken to employ a 
low cost flow controller and the company's own PV pressure sensors. This work is 
included as Appendix D2; this shows limited success where similar trends for 
these materials are provided but with broad error bars for both random errors and 
standard deviations. This indicates that although quick answer comparative tests 
could be performed with the low cost equipment, repeatability is likely to pose an 
issue; especially where it would not be desirable to test multiple samples in an 
industrial setting. The main consideration highlighted is the precision of measuring 
equipment. Here the laboratory experiments have taken care in balancing flow 
rates and pressure measurements with the full scale ranges of the equipment, 
whereas the lower precision of the low cost equipment exacerbated this problem. 
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4.3.5. Methodology for the Commercial Use of the Radial Airflow Technique 
The radial airflow technique was also commissioned, by the sponsor, for 
comparative testing of various commercial reinforcements against an in-mould 
produced perform. This piece of work also has little applicability to the academic 
aspects of this study, but is included as Appendix 01. 
4.3.6. Methodology for the Assessment of the Effects of lnter-laminar Areas 
on Permeability 
The radial airflow technique was employed to measure the permeability of differing 
number of layers of reinforcement. The hypothesis here was that if a significant 
effect is caused by inter-ply pore areas then a difference would exist in measured 
permeability across differing quantities of laminate layers. This work is presented 
in Appendix A 13, with the results summarised graphically later in this chapter. 
4.3.7. Methodology for Comparison of Unifilo U813-300 and U850-300 
Two specific types of Unifilo are investigated within this research project (as 
discussed in Chapters 1 and 3). These differ only in the size of the fibre bundles 
employed ('tex' values, in grams per kilometre) and quantities of binder and sizing. 
Microstructural differences are investigated further in the following chapters; here 
permeability is firstly measured for U850-300 using the one-dimensional airflow 
technique so as to enable comparison with Unifilo U813-300. 
4.3.8. Methodology for Statistical and Random Error Analysis 
The statistical techniques employed throughout the analysis of the airflow 
experiments replicate those used for the liquid permeability experiments (Chapter 
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3). These include averages, at approximate fibre contents, and standard 
deviations about the mean. Regression analysis has been used in the form of 
fitted trend lines, with their associated equations, and values for the coefficient of 
determination (R2) for each line. 
Random errors were considered in a similar manner to the liquid experiments, 
although here using specific considerations applicable to the equipment and 
tooling employed. The analysis is presented in Appendix A16. 
4.4. Results 
4.4.1. Comparison of Differing Quantities of Reinforcement Layers 
Further discussion of the purpose of these experiments and tabulation of the 
results are provided within Appendix A 13. However it can be seen from Figure 
4.13 that no significant difference in permeability was caused by varying the 
number of layers in a sample. Therefore, varying the number of inter-laminar pore 
space layers causes no significant change in permeability and the 6, 1 0 and 14 
layered samples were accepted as all being equivalent to a single reinforcement 
layer. The exponential best fit curves were chosen here due to the high R2 values. 
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Figure 4. 13: Averaged permeability results vs. fibre content for 6, 10 and 14 
layered samples, including 2 standard deviations shown as error bars (logarithmic 
permeability scale for clarity) 
4.4.2. Radial and 1 D Airflow - Significance of Varying Flow Rates 
The radial and one-dimensional airflow experiments were conducted across a 
range of flow rates (1 -7 5 Umin), where the results are presented as Figure 4.14 
(radial) and Figure 4.15 (1 D). The purpose here was to judge whether the results 
gained from different flow rates should be combined to provide the trend of 
permeability as a function of fibre volume fraction. The tabulated results used for 
both Figure 4.14 and Figure 4.15 are included on the provided CO-R*. 
* Air Radial K - Raw Results and Analysis.xls - chapter 4 folder, and Air One-
Dimensional U813-300 K- Condensed Results.xls- chapter 3 folder. 
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Figure 4. 14: Radial air permeability results ordered by flow rate 
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Figure 4. 15: One-dimensional air permeability results ordered by flow rate and 
including 2-standard deviations 
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Figure 4.14 and Figure 4.15 indicate no significant difference between the flow-
rates used. Therefore the results obtained from the full range of flow rates are 
used to represent both radial and one-dimensional airflow permeability from this 
point forward. 
4.4.3. Results: Radial and 10 Airflow- Comparison with Liquid Permeability 
Both the radial and 1D airflow U813-300 permeability results are plotted against 
the previous chapter's liquid radial and 1 D results as Figure 4.16 and Figure 4.17*. 
These include fitted curves, with equations for clarity, chosen due to the high R2 
values. Error bars for standard deviations are also presented as the spread across 
the different experiments used for each Vt. The log axis in Figure 4.17 allowed the 
significance of the standard deviations and also the variation between techniques 
to be visible across the fibre content range. 
* Liquid and Airflow K Comparisons.xls on CD-R 
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Figure 4. 16: All liquid and airflow permeability results for U813-300, including 
standard deviations, fitted exponential lines and R2 values 
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Figure 4. 17: All liquid and airflow permeability results for U813-300, including 
standard deviations, fitted exponential lines and R2 values (logarithmic 
permeability scale) 
4.4.4. 1 D Airflow Unifilo USS0-300 Permeability 
These results are included in their entirety on the CO-R provided*. Condensed 
results compared with all of the other permeability experiments are shown 
graphically in Figure 4.18 and Figure 4.19**, which include standard deviations for 
both fibre volume fraction and permeability across the data that has been grouped 
for the averaged data points. The U850 mat clearly has higher permeability than 
*Air One-Dimensional U850-300.xls [Chapter 3 - Liquid Permeability 
Measurement folder -7 One Dimensional Liquid and Air Results folder] 
** Liquid and Airflow K Comparisons.xls 
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Figure 4. 18: Comparison of the one-dimensional airflow collected U850-300 
permeability results with the full set of U813-300 results. 
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Figure 4. 19: Comparison of the one-dimensional airflow collected UBS0-300 
permeability results with the full set of UB13-300 results. 
Comparison is made of the average of all U813-300 results and the U850-300 
results in Figure 4.20 and Figure 4.21 . The ratios of the permeability trends (from 
lines of best fit) between the two materials are provided as Table 4.4 and shown 
graphically as Figure 4.22. This shows that there is a slight spreading of 
permeability curves as fibre content rises, where, although retaining higher 
permeability throughout, U850-300 sees a greater reduction in permeability than 
U813-300. 
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measurement techniques 
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Figure 4.22: Ratio of U813 to U850 permeability across fibre content percentage 
(Linear line of best fit) 
4.5. Discussion and Chapter Summary 
4.5.1. Technique Development 
The process involved for the development of the two techniques has been rigorous 
in terms of considering the significance of potential errors resulting both from the 
mould tools and the equipment involved. 
Being the first experiments to be undertaken, the radial airflow technique did not 
have the benefit of hindsight that was employed for the subsequent 1 D and liquid 
radial experiments. However, the process was rigorous in terms of controlling and 
measuring flow and in terms of closing and measuring the cavity depth. The radial 
airflow involved open mould experiments to account for the pressure drop between 
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measurement point and injection point (raised by Deleglise et al., 2005). This used 
the correction factor shown as Equation 4.3 for calibration of the injection pressure 
measurements. 
Development of the 1 D airflow technique involved the same degree of rigour in 
terms of control, measurement and tool design with measurement of mould 
deflection during injection. Here there was no visible deflection on the dial gauge 
(precise to 0.01 mm), indicating that the degree of deflection caused by such low 
injection pressures was insignificant. 
4.5.2. Validation of the Two Airflow Techniques 
The Reynolds' number predictions (Figure 4.7 and Figure 4.12) suggested that 
both airflow techniques vastly exceeded the figure of 1 suggested by Michaud and 
Mortensen (2001 ). However, the effects of varying flow rates on permeability 
results from the two airflow techniques was investigated, as shown within Figure 
4.14 and Figure 4.15. These show that there was not a significant difference 
between the results obtained across the range of flow rates. This indicated that 
any issues caused by potential non-laminar flow were not significantly worsened 
by increasing the flow rate by up to a factor of five. This indication of a lack of 
dependence on low Reynolds' numbers is further supported by comparison with 
the previous liquid results, as follows. 
Comparison of the air and liquid results were provided as Figure 4.16 and Figure 
4.17 with the standard deviation error bars indicating the predicted range of 
results. If 2 standard deviations are considered, the majority of mean points fall 
within 2 standard deviations of the other techniques, therefore no significant 
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difference between techniques is found. Both the radial and 1 D airflow techniques 
are therefore considered as being valid for the measurement of the permeability of 
these materials. 
4.5.3. Permeability Comparison of the Two Unifilo CFMs (U813-300 and 
U850-300) 
Having validated the 1 D technique, this was used to measure the U850-300 
material using only airflow injections. The two materials were shown to have 
significantly different permeabilities and responses to changing fibre volume 
fraction, with the trends provided by the fitted curves and their related equations in 
Figure 4.18 and Figure 4.19. At first glance this suggests that the employment of 
heavier weight tows (U850-300) causes a higher permeability to be maintained 
throughout the fibre content range. From Figure 4.19, which uses a logarithmic 
scale for permeability, this difference remains at approximately the same 
proportion throughout the fibre content range, although U850-300 may be seen to 
reduce in permeability slightly more quickly than U813-300. 
4.5.4. Conclusion 
In conclusion the two air flow techniques have been shown to be sufficiently 
precise and robust enough to give reliable permeability measurements of CFM 
materials. The 1 D technique, on reflection, is the simpler method to use and also 
has the benefit of allowing both calibration against liquid flow results through the 
same samples and could be used to measure the permeability of orthotropic 
materials. 
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Rigorously obtained results have been collated for both the U813-300 and U850-
300 Unifilo materials. Significant differences between the permeability responses 
to material compression have been shown for these two materials. Here this 
difference, as a proportion of the permeability results, has been shown as 
remaining reasonably consistent across the fibre content range. 
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chapter 5 - Experimental: Micro-structural 
Characterisation of U813-300 and U850-300 
5.1. Introduction 
The factors considered responsible for permeability include: porosity, tortuosity 
and interactions that occur both within the fluid and at the fluid/fibre interface 
(Chapter 2). The work conducted throughout Chapters 3 and 4 has shown the 
interactions both between the fluid and fibre at their interface and within the flu id 
itself to be insignificant factors . Discussion has also shown that tortuosity as a 
concept is applicable to 1 D flow, such as within a two-dimensional model or within 
self-contained capillary tubes (Chapter 2). Therefore it is a concept not accurately 
applicable to the interconnected flow paths seen within CFMs (Figure 5.1 ). 
(a) (b) 
Figure 5. 1: A representative electron microscopy image of U813-300: original 
image (a) and manipulated image where tows have been solidified (b) 
The remaining factor commonly considered is porosity. Within reinforcement 
materials porosity occurs within two, reasonably distinct, areas (intra-bundle or tow 
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and inter-bundle or tow). The flow through these areas has been referred to as 
dual-scale flow (Wang and Grove 2008) and these two areas are referred to here, 
for simplicity, as micro-pores and macro-pores respectively. Permeability is then 
assumed to be a factor of the relationship between the different scales of porosity, 
which in turn affects the relationship between flow path dimensions and fluid/fibre 
interface (e.g. K-C model development, Chapter 2). 
lt is important to consider the significance of effects on permeability, over a Vf 
range, of both micro and macro porosity; particularly as bundle size, or at least the 
number of fibres within a bundle, is an easily controlled factor for material 
engineers. In the first instance it may be reasonably suggested that both the 
permeability and variation of permeability across Vf ranges of CFMs is more 
dependent on macro-pore space than micro-pore space. This is due to far higher 
proportions of overall pore volume existing in macro-pore (inter-bundle) areas 
(Figure 5.1 ); these areas are also more sensitive to compression of the fibre bed 
To initiate investigation of this hypothesis it is necessary to quantify these scales 
of porosity within the materials of interest. This chapter provides empirical 
measurement, using SEM and image analysis, of intra-bundle microstructure. As 
the variation in macro-pore areas across small microscopy images is large (due to 
the larger scale swirling arrangement of fibre bundles), measurements were made 
of the more consistent micro-porosity and fibre diameter. This allowed for bundle 
cross-sectional area, and therefore volume, to be calculated; this providing macro-
porosity at different Vfs. 
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5.2. E-Giass Fibre Diameters 
Glass fibres are produced by drawing molten glass through holes in a bushing 
onto a rotating collet, or cone. The size of the holes in the bushing therefore 
dictate the fibre diameter, which is an often commercially driven decision where an 
increase in fibre diameter results in an increased rate of production by weight 
(Owen 2000). As such, average values for the fibre diameters of E-glass are not 
consistent across literature. For example an approximate value of 17 IJm is 
provided by Owen (2000) and a less specific statement that "most strands exceed 
1 01Jm" diameter is provided within the Unifilo safety data sheet (Saint-Gobain 
Vetrotex International 2001 ). More precise figures of 121Jm (Kister, Wang et al. 
2003) and 181Jm (Thornburrow 2007) as average diameters for Unifilo are 
available; however justifications of these figures were not detailed. 
Fibre radius is employed as a squared term when calculating many of the material 
parameters modelled in Chapter 6, which could well result in a substantial source 
of error if an inaccurate value is used. Therefore it was important to measure 
average fibre diameter. 
5.3. Background Theory - Image Analysis of 20 Micrograph Images 
Back-scattering SEM involves the reflection or 'back scattering' of a beam of 
electrons from a sample, with the strength of this signal relating to the atomic 
number of the material that reflected the electrons. This process images the 
surface of a sample, with image quality dependent on the comparative atomic 
numbers of the constituent elements; here these are silicon-based glass fibres and 
a carbon-based resin matrix. 
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lmage-J software (introduced in Chapter 2 and previously employed in Chapter 3) 
has then been used to obtain measurements from the micrographs. This software 
provides a wide variety of image manipulation and measurement tools; however 
for the purpose of this work the key functions were the binarisation of the images, 
the selection of specific areas and the measurement of area fractions and 
distances. The analysis conducted using these functions provided measurement of 
micro-porosity, from proportional measurements of matrix and reinforcement 
areas, and fibre diameters, from individual fibre measurements. 
For both measurements consideration was required for the effect of fibres 
transecting the two dimensional micrograph at off-normal angles. Where a fibre 
transects a 2-dimensional plane at any angle other than normal to that plane it 
provides an ellipse, this having an elongated major axis and a minor axis where 
this minor axis is equal to the fibre's diameter (Figure 5.2). 
X 
diameter 
Elongated 
ellipse 
y 
Normal (z) axis 
20 cross-section \ 
(image) plane 
Linear arrangement of fibres, 
where: 
A,Pi bundle = 0.161r} X (nf ! b(tex)- 2) 
Figure 5.2: Schematic representation of the ellipse presented by a fibre running 
off-normal through a two-dimensional cross-section 
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Off-normal fibre angle is also an issue for intra-bundle porosity measurements, 
where the complex shapes of inter-fibre pore space are elongated. The question 
arises as to whether, in comparison to a bundle viewed normal to the cross-
section, the same proportions of solid and pore are observed. This again becomes 
a simple geometrical consideration, where as the fibre bundle is the arrangement 
of continuous fibres running through the bundle's z-axis then the pore volume 
fraction must remain constant whatever the angle of view. However, the greater 
the off-normal angle the fewer the number of visible fibres and therefore the 
greater the dependency of the measurement on variation in individual fibre 
diameters. In response to this, for the purpose of this work, intra-bundle porosity 
measurements were taken preferentially where the fibre angle was visibly close to 
normal. 
5.4. Methodology 
The two Unifilo materials (U813-300 and U850-300) were investigated at different 
stages of this PhD. Therefore certain areas of the methodology had been further 
developed and altered between the testing of the U813-300 and the U850-300 
material. Differences are noted where applicable. 
In brief, the methodology involved the manufacture of composite sample plates; 
preparation of individual samples; SEM of the samples, and image analysis. These 
methodologies are in the main generic and therefore not applicable for detailing 
within this main text. More specific areas include the use of lmage-J for image 
analysis, however the generic processes for using this software have been 
previously introduced in Chapter 3. The details of these generic processes are 
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provided as Appendix A 15, which includes equipment and material details as well 
as the techniques employed. 
The main areas noted in Appendix A 15 are the scaling and binarisation of the 
images using the thresholding tool and the separation and subsequent 
measurement of individual fibres. Specifically, binarisation of images using a 
manual thresholding technique is subjective, which is typical of image analysis. 
The separation of the individual fibres, which was necessary to individually select 
and then measure individual fibres, was also manually conducted; therefore both 
elements bring in issues of random errors. 
5.4.1. Fibre Diameter and Micro-Porosity Measurement Sampling 
For the fibre diameter measurements, images of magnification x1200 were used 
for the U813-300 samples, where the number of fibres measured per image was 
dependent on the number of complete visible fibres per image. When the process 
was later repeated for the U850-300 material a magnification of x430 was found to 
be adequate, which allowed for a specific quantity of 50 fibres to be measured per 
image. 
The quantity of images ultimately analysed for fibre diameter were: 
U813-300: 48 images retrieved across 5 samples. The varying number of 
measurements per image here resulted in 437 individual fibre measurements. 
U850-300: 10 images were retrieved from a single sample. However, each 
image provided 50 measurements, resulting in 500 individual fibre 
measurements. 
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Measurement of micro-porosity was achieved by selecting random intra-tow areas 
within 1 OOx magnification binary images and then measuring area fraction within 
the selected areas (Figure 5.3). This was completed across a fibre volume fraction 
range with 19 U813-300 samples analysed, which included 1 0 images investigated 
per sample and 10 measurements taken per image. Therefore 100 measurements 
at each specific fibre content were provided, with a total of 1900 measurements 
overall. 
Figure 5. 3: Example of selected areas for intra-bundle porosity measurement 
This methodology was later repeated on the U850-300 material. This involved 
measurement of 2 samples, each containing 10 analysed images with 10 selected 
areas, at x1 00 magnification and 4 samples, again containing 10 analysed images, 
at x430 magnifications. This resulted in 500 individual measurements from the 
U850-300 material. 
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5.4.2. Methodology: Data Analysis 
5.4.2.1. Fibre Diameters: 
Chapter 5 
(1) Comparison of the results from the two materials: although the same types of 
E-glass fibres exist within both U813-300 and UBS0-300, different sampling 
and magnification approaches were taken for each material. An independent t-
test was therefore conducted to compare the means of the two data sets to 
ensure that both provided comparable results. 
(2) Investigation of the spread of fibre diameters: Standard deviations across the 
data sets (individually and combined) provided predicted population spreads of 
fibre diameters. 
(3) Investigation of the representative nature of each image: Each image provided 
a mean, with a range of these occurring across all of the images investigated. 
Standard deviations of image averages were compared with standard 
deviations across all measurements, provided indication of the effectiveness of 
representing the population of fibre diameters from averages within images. 
5.4.2.2. Micro Porosity: 
The analysis conducted on the micro-porosity results included: 
(1) Comparison of material types and magnifications: Different sampling and 
magnification approaches were again taken for the two materials. An ANOVA 
test was conducted to compare the means and confidence intervals of each. 
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(2) Investigation of the spread of micro porosity: Standard deviations across the 
data sets provided predicted population spreads for micro porosity. 
(3) Comparison of individual samples within specific material type: Average intra-
bundle porosity per sample (1 00 measurements from 10 images), within each 
reinforcement type (U813-300 and U850-300) and at each magnification (x1 00 
and x430); including standard deviations for predicted spread of the averaged 
sample averages within the population. The spread of averages depends on 
the natural spread of porosity but also on the subjectivity of image analysis; this 
is considered within (5). 
(4) Comparison of all samples' (U813 and U850) averages: Providing an overall 
average for intra-bundle porosity and including standard deviations to predict 
the spread of results across both materials, and the two magnifications 
employed. Also included are confidence intervals calculated across all 
measurements, indicating precision of the measurement technique. 
(5) Also included was the calculation of standard deviations of micro porosity for 
each image as a proportion of each image's average intra-bundle porosity. 
From this an average of these standard deviations (3) was employed about the 
overall mean of sample averages (4) as error bars to suggest a spread of the 
population's individual measurements. The motivation for this was the unknown 
random error caused by the subjective image thresholding process, which was 
expected to cause an exaggerated spread of image averages. 
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5.5. Fibre Diameter Results 
Comparison was made of the data sets for the two materials by employing an 
independent t-test. The significance test for equal variances showed a probability 
of 0.474 and the significance of a null hypothesis for significant difference in 
means showed a probability of 0.517*. With both values being above 0.05 this 
indicated that the variances for both data sets were equal and that there was no 
significant difference between the means. This is supported visually by the 
graphical representation of means and standard deviations for the two materials in 
Figure 5.4. Both sets of data were therefore able to be combined for calculation of 
mean fibre diameters and further statistical analysis. 
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Figure 5.4: Fibre diameter measurements and statistical analysis, separated for 
each reinforcement type 
* 'Sig' and 'Sig. (2-tailed)', respectively, in the SPSS output table: U813 and U850 
T-Test Results for Fibre Diameter.spv on the provided CD-R. 
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Graphical representation of fibre diameters measured in the two materials is 
provided as Figure 5.5. This includes mean fibre diameter for the combined data 
sets and a standard deviation. Data points representing the average, with standard 
deviation error bars, within each image are also included. This indicates a normally 
distributed sample set with no obvious trends occurring due to the subjective 
nature of the image analysis process. Therefore should this subjectivity have 
created a deviation in one direction (i.e. either above or below the true value) then 
the error would be systematic, which considering the described methodology 
would be unexpected. Therefore it would be expected that random errors would 
create a spreading of the data set, rather than a skewing, and the average fibre 
diameter may then be assumed to be accurate. 
Table 5.1 numerically provides this mean fibre diameter value, which may be 
compared against the mean values for the individual data sets (U813 and U850) 
with a difference well below 1% between the three values. These differences are 
also in the same order of magnitude as the confidence intervals shown, which 
provides additional assurance that the micrograph scaling employed for both are 
suitable for providing a robust value for average fibre diameter. 
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Figure 5. 5: Overall average fibre diameter and 2-standard deviation spread across 
image averages 
Av. so Av. so so Confidence 
Mat. Fibre across all Fibre across across 
all fibre image Interval (~m) Type Oiam. meas.ts. Oiam. 
(~m) (~m) (~m) meas.ts. averages (~m) (~m) P=95% p =99% 
U813- 17.31 0.95 300 (5.48%) 0.95 1.32 ± 0.12 ± 0.16 17.26 
U850- 17.22 0.96 
(5.53%) (7.62%) (0.70%) (0.93%) 
300 (5.57%) 
Table 5.1: Average f1bre d1ameter per matenal and overall, mcludmg standard 
deviations presented across different stages of analysis and confidence intervals 
at 95 and 99% probability that the average is a true value 
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Figure 5.5 and Table 5.1 also provide a standard deviation of the averages within 
each image. This shows that the standard deviation spread of averages is 
approximately 28% greater than the spread of all individual fibre measurements. 
Therefore the average diameters within each image are not sufficient for predicting 
the spread of fibre diameters in the population. 
Microsoft Excel spreadsheets, with full data sets, are provided on the enclosed 
CD-R *. 
5.6. Intra-Bundle Porosity Results 
The intra-bundle porosity results compiled data from different magnifications, 
where ANOVA statistical analysis showed a significant difference between the 
intra-bundle porosity means of U813-300 at 100x magnification, U850-300 at 100x 
magnification and U850-300 at 430x magnification (see CD-R: 'SPSS 
MicroPorosity.sav'). However, as there is no difference between the 25 tex 
bundles employed within the two materials, the only difference arises from the 
employment of 50 tex bundles within U850-300. The issue with differentiating 
these was that the bundles do not remain in a circular cross-section within the 
micrographs and these often crossed at the point of the images' cross sections. 
Therefore it was not possible to assuredly distinguish between 25 and 50 tex 
bundles and the assumption was therefore made that both bundles sizes contain 
similar porosities and that both materials would return comparable spreads of 
results. 
*fibre diameter analysed results. xis. 
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This was supported by the two magnifications of U850-300 also providing 
significantly different averages; therefore it may be suggested that differences 
arise from both occurrences of testing and also magnifications employed. 
However, Figure 5.6 compares the averages of micro-porosity with single standard 
deviation error bars. This suggests that with the expected wide spreads in micro-
porosity data across individual measurements the variation in averages is less 
significant, thus supporting the combining of the entire data set to reach a more 
robust average micro-porosity. 
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Figure 5. 6: Comparison of average micro-porosity results across the two materials 
and differing magnifications; with single standard deviation error bars 
Figure 5. 7 progresses to show the results from the combined data set (blue line for 
average and solid red line for standard deviation across sample averages), whilst 
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including averages and standard deviations for individual samples (each 
containing 10 images, with 10 measurements per image) for U813-300 and U850-
300 at x1 00 magnification and U850-300 at x430 magnification. The standard 
deviations for individual samples indicate the predicted spread of approximately 
68% of the population of intra-bundle porosity results, somewhat illustrating the 
spread of localised intra-bundle porosity. This is further refined by using the 
average of image standard deviations (dotted red lines: as per (5) above), which 
aims to somewhat account for the subjective nature of image analysis across 
images. 
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Figure 5. 7: Comparison of intra-bundle porosity results retrieved from the two 
reinforcements at different magnifications 
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Intra-bundle porosity averaged across all measurements (both materials at both 
magnifications) is presented within Table 5.2*. This includes the random error for 
this result, which represents standard deviations about the mean (solid red lines, 
Figure 5.7), and the predicted spread of localised intra-bundle porosity adjusted to 
partially account for subjective image analysis random errors (5) above. Also 
included are confidence intervals for use of the entire data set across both 
materials to find the mean intra-bundle porosity. These show that, with a 
probability of 99% that the mean is representative of the population, the error is 
restricted to approximately± 1% of the mean value. 
Porosity Standard Standard Standard Within Deviation Deviation Deviation Confidence Intervals Fibre-
Bundles across all across across (%) 
[Micro individual image sample 
Porosity] measurements averages averages 
(%) (%) (%) (%) p =95% p =99% 
± 0.23 ± 0.33 
6.55 3.13 1.42 
32.28 (20.28 as % of (9.71 as% (4.40 as% (0.79% of (1.04% of 
av. micro of av. micro of av. micro average average 
porosity) porosity) porosity) micro micro 
porosity) porosity) 
Table 5.2: Intra-bundle porostty results 
5.7. Discussion 
Empirical micrograph analysis has quantified both average diameter of glass-
fibres, used within Unifilo U813-300 and U850-300 CFMs, and intra-bundle 
porosity. The processes have involved a level of subjectivity in respect to image 
* U813 and U850 Porosity Distribution.xls on the enclosed CD-R 
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preparation, prior to measurement. The first instance of this involved binarisation 
as, due to the non-consistent quality across the images, it was not possible to 
automate the process. However, it may be assumed that the error related with this 
process was random in relation to the proportions of fibre and matrix across the 
images. Therefore this may be assumed to be accounted for by the results being 
averaged across the significant quantity of images ( 48 x U813-300 and 10 x U850-
300 images). 
The second instance of subjectivity regarded separating fibres to allow for their 
individual measurements. This was an unavoidable requirement, considering the 
pixelated digital images and the limitations of the lmage-J software. As such, the 
considerable number of individual measurements (437 x U813-300 and 500 x 
U850-300 fibre radius measurements) combined with the quantity of images 
(mentioned above) may be assumed to provide a representative average. This is 
supported by observation of the normal distribution in Figure 5.5 and then 
statistically supported by confidence intervals (about the mean) of less than 1% 
Table 5.1. 
Regarding micro-porosity, the ANOVA statistical analysis did suggest a significant 
difference between the two materials and also the two magnifications. However 
with the expected wide spread in localised porosity, and considering that no 
difference was expected between the two materials (both containing the same 
bundles) or magnification, prompted the comparative histogram (Figure 5.6). This 
showed all averages falling comfortably within a single standard deviation of each 
other, which when combined with the assumption that micro-porosity is the same 
in both materials led to the combined analysis provided within Figure 5.7. 
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This showed that the majority of the sample averages fall within a standard 
deviation of the sample averages (solid red lines, Figure 5.7), and that all but one 
fall within 2 standard deviations. Ignoring this one outlier, this therefore indicates: 
no significant difference between the intra-bundle porosity of the different 
materials; 
no significant difference between the results retrieved using different 
magnifications; 
no correlation with overall fibre volume fraction, which was, of course, expected 
but does indicate no effects of fabric compression on image analysis. 
The ANOVA results across samples* showed that the majority of individual 
samples (of 100 measurements) showed no significant difference in results, 
although a minority did show a significant difference. With consideration of the 
tight spread of averages in comparison to the predicted spread of individual 
measurements (Figure 5.7), care should be taken with small (sample size) data 
sets. The confidence intervals (for the full data set) of below 1% of the micro-
porosity average (at a 95% probability of representing a population average) 
provided reassurance that the overall data set was sufficient for providing the 
overall micro-porosity result. 
Values for fibre radius and intra-bundle porosity have been empirically provided by 
this chapter. To further discussion from section 5.1 as to the purpose for this, 
these measurements relate to the overall investigation of the permeability of these 
SPSS MicroPorosity ANOVA across all samples.spv on the CD-R. 
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materials through the work conducted in the following chapter. This relationship 
involves: 
The investigation of the significance of permeabilities in the two areas of inter 
and intra bundle flow, through the use of Gebart's (1992) application of the K-C 
model (section 6.5.1) using both fibre radius and intra-bundle porosity. 
Semi-empirical modelling of bundle geometry for 2 purposes: 
o Providing proportional relationships between inter and intra bundle 
porosity as overall fibre volume fraction changes, which has a non-
linear relationship with permeability. 
o To work towards defining the microstructural parameters of K-C 
models, which are described by both porosity and the combination of 
hydraulic radius or mean hydraulic radius and the Kozeny constant, 
which is thought to contain both tortuosity and pore 'shape factors'. 
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Chapter 6- Modelling: Microstructural Characterisation 
and Permeability Modelling 
6.1. Introduction 
Fluid/fibre and fluid/fluid interactions and tortuosity have been shown to be either 
insignificant or inapplicable as factors of permeability (for the CFMs investigated 
here: Chapters 3 and 4). Porosity, or more correctly the distribution of porosity and 
the resultant changes in pore dimensions and solid surfaces, have been discussed 
as the remaining factors of consideration (Chapter 5). Quantification of these 
factors is dependent on measurement or modelling of the microstructure, which 
enables progression to permeability modelling and comparison with the 
permeability results gathered in Chapters 3 and 4. 
The constituent parts of a CFM mat (individual fibres and bundles of fibres) are 
nominally quantified by manufacturers. However, achieving robust quantifications 
is more difficult due to the real-world range of fibre diameters and localised pore 
distribution within fibre bundles. This complex system therefore requires 
idealisation with a mixture of averaged measurements (Chapter 5) and modelled 
parameters, which is the focus of this chapter. 
6.2. Binder and Sizing Considerations for U813-300 and USS0-300 
The material data sheet from Owens Corning (OCV Reinforcements accessed 
09/06/2008) provides "loss on ignition" percentages for U813-300 and U850-300. 
These are measured in relation to ISO 1887, which is the international standard for 
the determination of combustible matter within textile glass materials (International 
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Standards 2003). This provides the percentage of overall reinforcement weight 
contributed to by both binder (polyester) and sizing (silane): 
U813-300 binder and sizing= 3.5% of areal weight. 
U850-300 binder and sizing = 6 % of areal weight. 
As an indication of the balance between binder and sizing, the material's safety 
data sheet for Unifilo (Saint-Gobain Vetrotex 2001) provides a statement that the 
sizing accounts for a maximum of 2% by weight of the reinforcement. 
The purpose of sizing is threefold: to protect the fibres from abrasive damage; to 
make them manageable in the presence of static electricity, and to improve the 
adhesion (coupling) at the interface between fibres and matrix. For FRPs sizing 
tends to be polymer based with a silane coupling agent, which is a compound of 
silicon and organic (carbon based) molecules; therefore promoting bonding to both 
the silicon based glass and the carbon based polymer matrix respectively. Owen 
(2000) further discusses that there are sizing types described as either "soft" 
(relatively soluble in the permeating resin) or "hard" (relatively insoluble). 
Two issues exist that require considerations to be made for the differences in 
binder and sizing within the two materials. Firstly the majority of binder and sizing 
content remains inside of the fibre bundles, which alters the resultant distribution 
between micro and macro pore space between the two materials. The second is 
that U850 has a resultant lower volume of fibres than U813 to account for the 
same areal weight. 
Correcting the areal weight and fibre volume fractions to take account of these are 
simple calculations. Corrected areal weights are provided as Table 6.1 and the 
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corrected fibre volume fraction equation may be re-written in a more correct form 
as Equation 6.1. 
Nominal Fibre Material's Fibre Only Measured Binder Proportion Average Area I Reinforcement Fraction of Areal Area I Weight by Weight Weight Weight [Aw(f)} (%) (%) (g.m-2) (g.m·) 
U813-300 ! 3.5 96.5 286 276 ' 
·-----
U850-300 6 94 290 
Table 6.1: F1bre proportions per area/ we1ght 
vnr1 
= n.(l - wh ).A,.. 
Ptd 
= n.A.,'If 1 
p 1d 
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Equation 6.1 
Where: Vr(f) = corrected fibre volume fraction to representfibres alone; n = number 
of reinforcement layers (plies); Wb = binder weight fraction; Aw(f) = Area/ weight for 
fibres alone; Pr = fibre density (2585 ± 35 kg.m-3); d =part depth. 
6.3. Tex Distribution 
The U813 and U850 materials use fibre bundles with different cross-sectional 
dimensions. The bundles are described by tex values (linear density in g/km of 
fibre bundle). The U813 materials consist of 25 tex bundles, whereas U850 has a 
more complicated arrangement (Thornburrow 2007): 
70% (by weight) of the strands are 25 tex (35% on each face) 
30% (by weight) of 50 tex strands in the centre of the mat 
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An initial assumption was that fibre bunching, resulting from the differing tex 
distributions, was the driving factor for the differences in permeability of these two 
materials. Possible factors related to fibre bunching are discussed as follows. 
Ignoring binder and sizing at this point, there are approximately the same quantity 
of (idealised) fibres present within a unit plan area of reinforcement for both U813-
300 and U850-300. The effect on the proportional relationship between micro and 
macro porosity for the two materials therefore remains dependent on any 
difference in intra-bundle porosity between 25 and 50 tex bundles, which has been 
shown to be insignificant within the previous chapter (5). 
Of potentially more significance is the effect of fibre bunching on macro inter-
bundle flow, where the bundle/resin contact surfaces are not linearly related to the 
number of fibres within bundles (simply from a comparison of circle area (rr.?) to 
circle circumference (2.rr.r), where radius becomes a factor of fibres and intra-
bundle pore space). Therefore increasing tex size is not linearly related to the 
increase in macro-pore fluid/bundle interface. 
6.4. Microstructural Modelling: 
The measurements of the previous chapter (5) are limited in terms of providing 
fibre cross-sectional areas and proportional intra-bundle porosity in two 
dimensions. In order to progress the microstructural characterisation it is 
necessary to provide macro inter-bundle porosity and the 3-dimensions of fibre 
bundles. 
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6.4.1. Bundle Volume 
The cross sectional area of a fibre bundle may be simply calculated as: 
Equation 6.2 
Where: CSAb = cross-sectional area of a fibre bundle; nrlb(tex; = number of fibres 
per specific tex bundles; ~= micro intra-bundle porosity 
This is an idealised state, where the bundle is assumed to be circular in cross-
section, and that the perimeter fibres are not accounted for by the measure of 
micro-porosity. However this does enable simple calculation of the total volume of 
bundles enclosed within a plan area of reinforcement: 
' Vo/.h nflb(~ex)·Tr.r(.L"('"'' 
= 
A" 
Equation 6.3 
Where: Vol.b = bundle volume; Ap =plan area or reinforcement; nrlb(tex; =number of 
fibres per specific tex bundle; Lb(tex; = specific tex idealised bundle length within a 
unit plan area of reinforcement. 
The required nrlb(tex) and Lb(tex) values are modelled as follows: 
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Number of Fibres per Bundle of Specific Tex Value: 
The number of fibres per bundle of specific tex value is proportional to the ratio of 
fibre length to fibre-bundle length per unit plan area of reinforcement. This includes 
the weight fraction of the specific tex within the reinforcement type: 
Equation 6.4 
Where: WrrtexJ = weight fraction of specific tex bundles with the reinforcement type; 
Lr =length of fibre; Lb(texJ =length of bundle. 
Lr and Lb(texJ are modelled as follows: 
Length of Fibre per Unit Plan Area 
Awr!J. the reinforcement areal weight (removing sizing and binder), is simply the 
weight of the total length of fibres per unit plan area of reinforcement. In terms of 
fibre density and radius we have: 
therefore: 
Equation 6.5 
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Length of Bundle per Unit Area: 
A unit area of the CFM reinforcements investigated here may be considered in an 
idealised fashion to contain either: a single continuous swirling fibre-bundle with a 
linear density of 25 g/km for U813-300, or; two continuous swirling fibre-bundles 
within U850-300, one of 25 g/km and the other at 50 g/km where the proportions 
relate to their weight fractions (Wt(tex). as quantified above). The length of each 
fibre-bundle (Lb) per unit plan area is provided by the following and presented as 
Table 6.2: 
tex/ 1000 
Equation 6.6 
I Length of Bundles (Lb(tex)) Tex (m/m2) I 
-
U813-300 USS0-300 
25 11040 7633 
-----
50 0 1636 
Table 6.2: Length of specific tex bundles within a unit plan area of reinforcement 
Employing the average fibre radius from Chapter 5 (8.63 IJm), the results for these 
three parameters are provided in Table 6.3. The slight difference between the 
calculated number of fibres per specific tex bundle for U813-300 and U850-300 
may be seen as less than a quarter of a percent of the modelled value. 
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Lb/Ap 
Wt(tex) nf/b(tex) Lt/Ap (m/m2) Material (m/m2) 25 50 25 50 25 lex 50 lex lex lex lex lex 
U813-300 456328 11040 0 1 0 41.3 N/A 
U850-300 451368 7633 1636 0.7 0.3 41.4 82.8 
Table 6. 3: Modelled quantification of parameters required for calculation of the 
volume of fibre bundles per unit area of reinforcement 
Quantification of Fibre-Bundle Dimensions 
Including the measured average intra-bundle porosity (32.3%: Chapter 5) enables 
both the volume of bundles per plan area (Equation 6.3) and the CSA of specific 
tex bundles (Equation 6.2) to be calculated . By assuming an idealised circular 
cross-section , bundle rad ius is then also obtained: 
Vol.tJ~ CS~ Bundle Radius 
Material (m3/m2) (m2) (J.Jm) 
25 tex 50 tex 25 tex 50 tex 25 tex 50 tex 
U813- 1.58x1 0-4 N/A 1.43x1 o-8 N/A 67.4 N/A 300 
U850- 1.09x1 0-4 4.68x1o-5 1.43x1 o-8 2.86x1o-8 67.5 95.4 300 
Table 6.4: Calculated f1bre bundles dimensiOns 
6.4.2. Geometrical Modelling of Bundle Dimensions 
Chapter 2 has presented theoretical distributions of fibres within bundles (Gebart, 
1992; Summerscales, 1993; Ngo and Tamma, 2001 ), with Gebart (1992) having 
employed this consideration for development of a through-bundle Kozeny-Carman 
permeability model. These are based on geometrical packing, which Happel and 
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Brenner (1983) discuss as having been first investigated by Slichter (1899) over a 
century ago where spheres were used to represent water flow through particulate 
porous beds. 
Relating this to the microstructural characterisation of this chapter, intra-bundle 
fibre arrangement, porosity and resultant bundle dimensions are dependent on the 
packing of the fibres within the bundle. As seen within Chapter 5, localised 
differences in all of these are in reality broad. Therefore to model these regions it 
becomes necessary to employ idealised macro-averaged models, typical of those 
mentioned above, to geometrically represent the microstructure. 
Inter-fibre spacing may be represented by an averaged expansion of the 
hexagonal packing to be less closely packed; this being illustrated within Figure 
6.1. Here the base of the equilateral triangle becomes the sum of two fibre radii 
and an additional inter-fibre distance (d;_,). 
Reiterating discussion from Chapter 2: Hull (1981) and later Summerscales (1993) 
related a theoretically quantified maximum pore space for hexagonally close 
packed circles to fibre reinforcements, resulting in the minimum area of a pore 
enclosed by 3 fibres as: 
A~n-phre., = 0.161r} 
Equation 6.7 
Where: A,/13-fibres = area enclosed by 3-fibres. 
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The following progresses this approach to consider spaced, rather than close 
packed, fibres. This remains semi-empirical in that the developed models require 
measured micro-scale parameters, and therefore do not independently provide 
bundle dimensions. However, by quantifying inter-fibre spacing in intra-bundle 
regions, both bundle cross sectional area and perimeters that include 
consideration of the scalloped edge of a bundle are modelled. 
<~ 
d i-f 
Where: 
a= 2rr +du 
Figure 6. 1: Expanded hexagonal packing of fibres 
With the distance between peripheries of fibres remaining as an unknown variable, 
the area enclosed by each equilateral triangle (A-1) is then simply provided as: 
a 2 .fj (2rl + d, f r .fj A - -- - -'--'----~-
!'. - 4 - 4 
Equation 6.8 
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Rearranging can then simply provide d i-t in relation to a still unknown All and 
measured average fibre radius: 
Equation 6.9 
All may then be expressed in terms of measured fibre radius and intra-bundle 
micro porosity ( ~): 
~n.rJ 
A =--=--
t. (1-~~~) 
Equation 6.10 
From the measured parameters averaged across the two materials*, these result 
in: 
A!}.= 1.73 x 10-10 m2 (173 1-1m2) 
d i-f = 2.71 x 10-6 m (2.71 !Jm) 
The number of enclosed equilateral triangles (All) and perimeter fibres alters with 
the arrangement of fibres, which is illustrated in Figure 6.2. Figure 5.1 a (Chapter 5, 
page 238) clearly shows that bundle packing is more irregular than a simple 
hexagonal pattern. There then exist potential errors for consideration of bundle 
dimensions, and also the relationship between dimensions such as considered by 
a hydraulic radius calculation. The following calculations model these parameters 
*distance between fibres- geometrical models. xis, on the provided CD-R) 
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for the extreme cases of a hexagonal (20) and 2-layered linear (1 D) arrangement, 
thus providing upper and lower bounds. 
7 -Fibre Arrangement: 
A rf> l bundle oc n f l bun"'" = A rf> l bundle oc n f l bundle ':f: A rf> l bundle oc n J l htm dle 
15-Fibre Arrangement: 
A rf>l bundle oc nf I b ttndle '* A r/> 1 httndle oc n r I btm dlt' = A r/>1 bundle oc n r I bundle 
21-Fibre Arrangement: 
~
A r/>1 bundle oc n I I httlld le '* A r/> 1 b ttlld le oc n I I bundle '* A r/> 1 bttlldle oc n I I bulldle 
Figure 6.2: Illustrating the dependency of inter-fibre pore area dependency on fibre 
arrangement 
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6.4.2.1. Hexagonal Packing: 
The first two iterations for hexagonal packing are illustrated in Figure 6.3, which 
shows each progression resulting in an additional fibre on each side (in red). 
Figure 6. 3: Illustration of layer progression for hexagonal packing 
Considering the central fibre as n = 0, the number of perimeter fibres (np) is: 
n = 6n 
" 
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Equation 6.11 
The number of fibres within a bundle of 'n' layers can be seen as the central fibre 
plus the sum of progressive perimeters: 
" 
nr 16 = 1+ 62:> = 1+ 3n(n + i) 
j;l 
Equation 6.12 
Since nrlb has been determined empirically (Equation 6.4), we can solve Equation 
6.12 for an equivalent value for n: 
- 3 ± /32 - 12(1 - n1 ) V h(tes) n = --'----------
6 
Equation 6.13 
Bundle tex nt/b(tex) n 
np in partial 
outer layer 
25 tex 41 .36 3.20 4.80 
50 tex 82.77 4.74 22.20 
Table 6.5: Number of hexagonal layers for 25 and 50 tex bundles* 
Of note is that neither nr;b or n are integers, which arises from the use of potentially 
nominal tex values and that these are averaged values and therefore provide a 
macro averaged modelled bundle. 
* Number of hexagonallayers.xls on the provided CD-R. 
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Hexagonal Packed Bundle Dimensions 
We require bundle area and perimeter, both taking into account the 'scalloped' 
edge (Figure 6.3) caused by the shape of individual fibres and the spacing 
between them. Bundle area (Ab) takes into account the total number of enclosed 
equilateral triangles (Figure 6.3), the proportion of corner fibres (2/3'd of a fibre) 
and the proportion of side fibres (1/2 fibre) outside of the enclosed triangles: 
( ) ( ) ' 2 z I z z m; A"= 6 -Jr.rr + 6(n -I) -Jr.rr + 6n --3 . 2 . 2v;_, 
corner fibres side fibres enclosed triangles 
Equation 6.14 
Where: Vi-b = fibre volume fraction inside bundles; 
This may be simplified to: 
'( 3n
2
J A, = m-; I + 3n +-v;_, 
Equation 6.15 
Bundle perimeter (Pb) also takes into account the corner fibres (2/3'd of a fibre) and 
the side fibres ( 1/2 fibre) with an additional consideration of inter fibre spacing 
~ ___j \--., ..------J ~- ) y-- y -----y 
corner fibres side fibres perimeter d;.r 
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Equation 6.16 
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This may also be simplified to: 
~ = Jr.r[8 + 6(n -I)]+ 6n.d;_1 
Equation 6.17 
Two-Layered 1D Bundle Dimensions 
The packing illustrated in Figure 6.4 provides the opposite extreme to the previous 
20 hexagonal packing. Therefore provision of areas and perimeters of a two-
layered flat packed bundle may be considered to provide the lower bound to the 
20 hexagonal packing's upper bound. 
Figure 6.4: Illustration of progression of two layered flat packing 
For 1 0 bundles, Ab takes into account the total number of enclosed equilateral 
triangles, the proportion of 'sharp' corner fibres (1/61h of a fibre), the proportion of 
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'blunt' corner fibres (1/3rd of a fibre) and the proportion of side fibres (1/2 fibre) 
outside of the enclosed triangles: 
sharp corner fibres blunt corner fibres side fibres enclosed triangles 
Equation 6.18 
Simplified to: 
"[ nr nr- 2) A = 1r.r -I+-+--
h I 2 2V 
1-h 
Equation 6.19 
Likewise, Pb takes account of the same fibre allowances and as long as n, >5 the 
number of inter-fibre distances: 
= 7r.rr(2+n1 -4)+d;_/nr +2) . . . 
Equation 6.20 
Comparison of Geometrically Modelled Bundle Dimensions 
The results for bundle area and perimeter modelled in this way are provided on the 
provided CO-R*, which are provided as Figure 6.5 and Figure 6.6. These figures 
show that although there is a difference in the increase in fibre bundle volume with 
*Geometrically modelled bundle areas and perimeters.xls. 
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the number of fibres the increase in bundle perimeter is far more significant for the 
extreme of 1 D 2-layered hexagonally packed bundles than for 20 hexagonal 
packing. 
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Figure 6.5: Fibre bundle perimeters as a function of the number of fibres 
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Figure 6. 6: Fibre bundle CSA as a function of the number offibres 
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The remaining area of concern is that the outer layer of each of the hexagonal 
bundles is a non-integer; as shown by the number of fibres within the partially full 
outer layers (Table 6.5). The issue being that the placement of additional fibres 
determines the value of these parameters. However, the error here is seen to be 
small in comparison with the large difference between the perimeters for the two 
packing types. Therefore the hexagonally packed bundles were calculated using 
Equation 6.7 and Equation 6.9: 
20 Hexagonally Packed 1 D 2-Layered Hexagon ally Packed 
Bundle 
tex size Bundle cross- Bundle cross-(g/km) sectional area Bundle sectional area Bundle 
(m2) perimeter (m) (m2) perimeter (m) 
25 1.31 X 10-8 5.75 X 104 1.14 X 10-8 1.07 X 10-3 
50 2.69 X 10-8 8.26 X 104 2.34 X 10'8 2.19 X 10'3 
Table 6.6: Hexagonal and 2-layered flat packed ftbre bundle areas and penmeters 
6.4.3. Macro, Inter-Bundle Porosity 
Considering bundles as solids, rather than porous arrangements of fibres, gives 
inter-bundle pore space (as a fraction of total volume) as: 
r/JM = J- v;, 
Equation 6.21 
Where: r/JM = macro porosity; Vb = fraction of total volume accounted for by fibre 
bundles. 
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Based on Micro Intra-bundle Porosity Measurements 
From intra bundle porosity measurements (Chapter 5) bundle volume fraction may 
be simply calculated with consideration of binder and sizing content as: 
d 'd v: -- vfu) V1u, = Vh.~-h rearrange to prov1 e: 1, V: 
i-h 
Equation 6.22 
Where: V;-b =fibre volume fraction within the fibre bundles. 
This gives macro inter-bundle porosity volume fraction in terms of fibre volume 
fraction, corrected for binder and sizing content, and the pore space fraction within 
fibre bundles: 
"' = I- V: = I- (VI en J 
'I'M h V: 
i-h 
Equation 6.23 
This assumes that no significant effect on bundle volume is caused by ignoring 
perimeter fibres. 
Based on Geometrically Modelled Bundle Dimensions 
Geometrical models have already considered perimeter fibres and therefore do not 
make the above assumption. Here bundle volume fraction may be calculated from 
known volumes of the bundles and the reinforcement: 
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V, = Vo/.hlureu 
h V I 0 "rein 
Equation 6.24 
Where: Vol.blarea = volume of bundles per unit area of reinforcement; Vol. rein = 
volume of reinforcement. 
The extremes of the CSA of the bundles have been modelled geometrically (Table 
6.6) and the length of bundle per unit area has been calculated (Table 6.2). With 
knowledge of the weight fractions of the two tex sized bundles within the two 
materials, the bundle volume is: 
Equation 6.25 
The volume of reinforcement is then related to the fibre volume fraction of the 
reinforcement, where part (or reinforcement) depth is: 
d = n.A,.. 
Pr.Vr 
Equation 6.26 
Therefore: 
Equation 6.27 
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Compared Macro Inter-Bundle Porosity Results 
With an average intra-bundle porosity measured as 32.3 % (Chapter 5) 
comparisons of inter-bundle porosity and intra-bundle porosity with traditionally 
calculated fibre volume fraction (V1) are provided in Figure 6.7*. Here the trend 
lines presented for both U813-300 and U850-300 represent quantities calculated 
from Equation 6.23 and Equation 6.27, including those from intra-bundle 
microscopy measurements and also the geometrical models. Also included are the 
proportional value of intra-bundle volume represented by intra-bundle pore space 
(pink line), and for total porosity (dotted black line). 
* Comparison of Intra and Inter Bundle Pore Space. xis on the CO-R 
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Measured in chapter 5. 
Figure 6. 7: Comparison of the fractional porosity of intra and inter-bundle pores 
with traditional (uncorrected for binder and sizing) calculation of v, 
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For clarity of comparison the macro porosities are plotted alone in Figure 6.8: 
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Figure 6.8: Macro inter-bundle porosities 
Figure 6.8 illustrates that the simple calculation direct from intra-bundle 
measurements (that does not take into account the perimeter of bundles) provides 
a lower porosity versus fibre content trend than either of the two geometrical 
models. lt would be expected that the true value would fall somewhere between 
the two geometrical models due to their greater consideration of bundle and 
individual fibre geometry. These trends are summarised individually in Table 6.7 
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for further analysis, as well as being provided as an average of the two 
geometrical models. 
Bundle Bundle Bundle Volume Bundle Volume Volume Volume 
Material Fraction from Fraction from Fraction from Fraction from 
simple 20 Hexagonal 1 D 2-Layered average of 
calculation Packing Packing geometrical 
models 
U813- 1.43Vt 1.31Vt 1.14Vt 1.23Vt 300 
U850- 1.39Vt 1.30Vt 1.13Vt 1.22Vt 300 
Table 6. 7: Bundle volume fraction (V b) as a factor of Vr(where: r/JM = 1-V b) 
6.5. Permeability Modelling 
Microstructural characterisation of these Unifilo materials can now be employed to 
model the measured permeabilities from Chapters 3 and 4. However, considering 
the focus has been on macro inter-bundle porosity, it is first necessary to consider 
the significance of intra bundle permeability before progressing to considerations 
of Kozeny-Carman (K-C) modelling for macro inter bundle pore space. 
6.5.1. Model Solutions for Intra Bundle Permeability 
Chapter 2 has provided discussion of Gebart's (1992) K-C based model, which 
suits flow in micro-pore areas such as within fibre bundles for which porosity has 
been measured by the work of Chapter 5. Gebart's models are reiterated here with 
minor adaptations made for symbols specific to intra-bundle flow. Equation 6.28 
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provides for flow in line with fibres and Equation 6.29 for transverse flow through 
fibre bundles. 
Equation 6.28 
( ]
5 2 
V{ rmx 2 K-" = = C1 --- - l r, 
v ,(i- b) 
Equation 6.29 
Also reiterated is Gebart's (1992) table for the various coefficients suitable for 
intra-bundle/tow flow: C1 ; maximum fibre content; Kozeny constant (C) and shape 
factor (ko) (Table 6.8). 
Fibre c1 Vtrnax ko Arrangement 
16 7r Quadratic 
9.rrJ2 
- 57 
4 
16 7r 
Hexagonal - 53 
9.rrJ6 2J3 
Table 6.8: Parameter values (Gebart 1992) 
Using the measured values of micro-porosity (0.323) and average fibre radius 
(8.63 IJm) from Chapter 5 both in-line and transverse intra-bundle permeability 
may be predicted*: 
* Intra Bundle Gebarts K-C Permeability.xls, on the included CD-R. 
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Intra-bundle, fibre-aligned permeability = 8.27 X 1 0"13 m2 
Intra-bundle, transverse permeability = 1.69 X 1 0"13 m2 
Assuming that Gebart's (1992) model is appropriate for use here, comparison of 
these intra-bundle permeabilities with even the lowest overall material permeability 
values (i .e. approx. 8.3 x 1 o·13 m2 at high fibre volume fractions of 0.35) shows 
intra-bundle to account for less than 1% of the overall permeability in all cases. 
This indicates that flow within intra-bundle areas may be considered insignificant. 
6.5.2. Hydraulic Radius and Mean Hydraulic Radius for Inter Bundle Areas 
The K-C model (Chapter 2) gives volumetric flow rate ( Q), and therefore 
permeability (as Q ex: K), as proportional to the squares of either the hydraulic 
radius (Slake 1922) or mean hydraulic radius. To reiterate, hydraulic radius , in 30, 
is the ratio of the volume of the solid blocking the flow to its surface area, or in 20 
the ratio of CSA to perimeter (Equation 6.30), resulting in units of metres. For a 
fibrous, non-particulate reinforcement (i .e. high aspect ratio fibre or fibre bundle) 
this is only strictly appropriate when the cross sectional area is normal to the flow. 
CSA 
whereas, for a non-particulate: HR = --- -
Perimeter 
Equation 6.30 
Where: CSA = cross sectional area normal to flow (rather than the circular bundle 
CSA previously quantified). 
283 
The mean hydraulic radius (Williams, Morris et al. 197 4) equation presents an 
averaged hydraulic radius based on the proportional representation of the solid 
within the porous material. lt is repeated (from Chapter 2) here for clarity: 
rr r/> 
m=--
2 v, 
Equation 6.31 
As only a small proportion of fibre bundles are normal to the flow, mean hydraulic 
radius is more suitable. With intra-bundle permeability being considered as 
insignificant, as shown above, then it remains that permeability is proportional to 
the square of mean hydraulic radius based on macro flow regions. Here the 
parameters are bundle radius (rb), macro porosity ( r/>M) and bundle volume fraction 
(br = 1 - r/>M) (Equation 6.32). 
Equation 6.32 
To account for the proportions of 25 and 50 tex bundles within Unifilo U850-300, 
this mean hydraulic radius model can then be simply considered in a rule of 
mixtures form (Equation 6.33): 
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Equation 6.33 
Where: Wrr2stex) = weight fraction of 25 tex bundles; WrrsatexJ = weight fraction of 50 
tex bundles; rb(25texJ = radius of 25 tex bundles; rb(sotexJ = radius of 50 tex bundles 
This may be calculated from the bundle radii provided in Table 6.4 and can also be 
reasonably simply calculated by treating the hexagonal models' areas as circles 
then allowing bundle radii to be provided by If, = ~CSAh/;r . The 1 D 2-layered 
hexagonal bundles pose a problem for mean hydraulic radius calculation. Their flat 
and wide nature relates to a much smaller area presented normal to the flow 
whereas in-line with the flow presents a low but very wide cross-sectional area. An 
attempt to represent mean hydraulic radius could be approached by representing 
the CSA as that of a square and thus allowing a side to be considered in place of 
bundle radius ( Is = ~CSAh , where: Is = side length; CSAb = bundle cross sectional 
area). This would be expected to provide a misleading figure, however this has still 
been plotted (Figure 6.9), which illustrates similar results to the other methods. 
Although a mean hydraulic radius is considered to better suit the situation here, 
another option is to consider hydraulic radius based on consideration of a unit 
volume of reinforcement. Equation 2.41 (Chapter 2) provides hydraulic radius as 
the volume of the pore divided by the surface area of the pore. By considering 
both the bundles' surface areas and also the surface areas of the mould tool, a 
unit volume of reinforcement may be considered as one continuous, oddly shaped 
pore. 
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Calculation involves consideration of the bundle perimeters and lengths, as would 
be expected. lt also involves the requirement for the number of layers of 
reinforcement (nRNol) that would be found in a unit volume (i.e. 1 metre depth), 
achieved by simple rearrangement of the fibre volume fraction equation. Mould 
surface is quantified through consideration of the length (xm), width (Ym) and depth 
(zm) dimensions, and pore volume is calculated from mould dimensions and macro 
inter-bundle porosity (Equation 6.34). Considering a cube of unit volume of 
reinforcement provides a simplification as Equation 6.35. 
HR = ---r--------r/J....:..cM=-X...::.:m-'-Y"'"mz-"-'-' --.---------
n R l •·ol. ~(25tex )Lb(25tex) I A + P,(5 0tex )L b(5 0tex) l A + 2(XmYm ) + 2(xlllzlll) 
Equation 6.34 
HR = ---r------'-r/J..:.:.:M _____ ___,,_ 
nR m/. ~(25tex)Lb(25te.\) A + ~(50tex)Lb(50tex) A + 4 
Equation 6.35 
Figure 6.9 and Figure 6.10 provide the mean hydraulic radii and hydraulic radii as 
functions of overall fibre volume fraction*. 
* See: mean hydraulic radius.xls and Hydraulic radius.xls on provided CO-R for 
detailed calculations. 
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Figure 6.9: Mean hydraulic radii for macro inter-bundle pores 
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Figure 6. 10: Hydraulic radii for macro inter-bundle pores 
With reference to Equations 2.40 and 2.43 (Chapter 2), the square of hydraulic 
radius (Equation 2.41) and the square of mean hydraulic radius (Equation 2.42) 
are related to permeability through consideration of a shape factor (ko) and the 
square of tortuosity (LeiL). The combination of these is referred to as the Kozeny 
constant (C: Equation 2.44, Chapter 2), which is often provided within literature for 
a wide variety of particulate and occasionally fibrous porous materials. With the 
assumption that permeability is significantly related only to macro pore space, the 
K-C model may then be simplified to the form: 
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Equation 6.36 
Mean hydraulic radius, hydraulic radius and inter-bundle (macro) porosity have 
been calculated, and permeability measured for the two materials across a range 
of fibre content. From these known values the inverse of the Kozeny constant (C) 
may then be provided by: 
Equation 6.37 
Therefore the gradient of the relationship between K and rf>Mm2 (or K and rf>MHR2) 
provides the inverse of C as a function of these microstructure characterisations. 
To consider C as a constant it is necessary to fit a linear relationship to the data 
points. This is done for mean hydraulic radius (m) in Figure 6.11 and for hydraulic 
radius (HR) in Figure 6.12, with values for C provided in Table 6.9. 
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Figure 6. 11: Linear fit to provide the inverse of the Kozeny constant 
(from mean hydraulic radius) 
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Figure 6. 12: Linear fit to provide the inverse of the Kozeny constant 
(from hydraulic radius) 
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c 
Approach for Quantifying Microstructure 
U813-300 USS0-300 
Simply Calculated Mean Hydraulic Radius 5.78 3.73 
Simply Calculated HR 5.46 3.75 
20 Hexagonal Model Mean Hydraulic Radius 6.17 4.41 
20 Hexagonal Model HR 3.07 2.13 
10 2-Layered Model Mean Hydraulic Radius 5.95 4.27 
10 2-Layered Model HR 0.96 0.55 
.. Table 6.9: Quanttftcatton of Kozeny constants for both mean 
hydraulic radius and HR 
The R2 values are high for all linear fits , which suggest that a constant provides a 
good fit for each microstructural characterisation technique. However, regression 
analysis (Figure 6.13 to Figure 6.15 for mean hydraulic radius, and Figure 6.16 to 
Figure 6.18 for HR) shows that a trend in the spread of data around the linear 
regression exists for all cases. These trends have been fitted with R2 values 
approaching 1 in all cases by 4 th order polynomial fitted curves, which evidence 
the strength of the trend . This indicates that although linear regression (C as a 
constant) provides a good fit , it does not describe the trend permeability in 
response to tfiMm2 or t/JMHR2 particularly well. 
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Figure 6. 13: Regression analysis: mean hydraulic radius, simply calculated. 
R2 = 1.00 
8.E-10 R -1 .00 
6.E-10 
4.E-10 
..... g 2.E-10 
... 
:.:: 
. 
:.:: O.E+OO 
8E-09 
-2.E-10 
-PC~t/. (U81S.300 20 Huap81Moclel) - Poly. (U850-300 2D Huap81Moclel) 
Figure 6. 14: Regression analysis: mean hydraulic radius, 20 hexagonal model. 
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Figure 6. 15: Regression analysis: mean hydraulic radius, 1 D 2-layered model. 
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Figure 6. 16: Regression analysis: HR, simply calculated. 
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Figure 6. 17: Regression analysis: HR, 20 hexagonal model 
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Figure 6. 18: Regression analysis: HR, 1 D 2-layered model 
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In response to this poor description of the data, second order polynomial curves 
are fitted to the data in Figure 6.19 (mean hydraulic radius) and Figure 6.20 (HR). 
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Figure 6. 19: Polynomial fit to provide permeability as a function of macro porosity 
and mean hydraulic radius. 
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Figure 6. 20: Polynomial fit to provide permeability as a function of macro porosity 
and HR 
These trends provide the K-C model's 'C' value as a coefficient, inversely related 
to permeability (reassigned the coefficient nomenclature of 'a' for clarity here: 
a=_!_ ); rather than as Kozeny's constant (Equation 6.38). These also show that 
c 
significant differences in 'a ' (quantified in exist across the methods employed to 
model the microstructure, and ultimately quantify either mean hydraulic radius or 
HR. 
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Equation 6.38 
Approach for a (m) 
Quantifying 
Microstructure U813-300 U850-300 
Simply 
- 2 X 106 (6Mm2 + 0.2251 -2 X JQ 6 ~Mm2 + 0.3355 Calculated Mean 
Hydraulic Radius 
Simply 
- 2 X 106 (6MHR 2 + 0.237 -2 X 106 (6MHR 2 + 0.334 Calculated HR 
20 Hexagonal 
-2 x 106 (6,11 m2 + 0.2029 -2 x 106 ~,11 m 2 + 0.2735 Model Mean 
Hydraulic Radius 
20 Hexagonal 
- 7 X 10 6 (6,\1 HR 2 + 0.4138 - 7 x to" (b,,,HR 2 + 0.5649 Model HR 
1 0 2-Layered 
-2 x 10 6 (6,~1m2 + 0.206 -2 X 10 6 (6111 m2 + 0.2679 Model Mean 
Hydraulic Radius 
1 0 2-Layered 
- 7 X 10 7 (6MHR 2 + 1.2662 - 1 X 108 (6MHR 2 + 2.0881 Model HR 
Table 6. 10: Quantification of coefficient a, relating K with <f>Mm2 (or (6MHR2) 
To describe the results obtained from the six methods of microstructure 
characterisation (simply calculated, 20 hexagonal and 1 D 2-layered for both m 
and HR) in relation to the permeability results obtained in this thesis, permeability 
may be calculated: 
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Approach for Permeability (m
2) 
Quantifying 
Microstructure U813-300 USS0-300 
Simply 
Calculated Mean K=-2x1 06 (1j>Mm2 )2 + 0.2251j>Mm2 K=-2x1 06(1j>Mm2 )2 + 0.3361j>Mm2 
Hydraulic Radius 
Simply K=-2x106($MHR2 )2 + 0.2371j>MHR2 K=-2x1 06(1j>MHR2)2 + 0.334$MHR2 Calculated HR 
20 Hexagonal 
K=-2x1 06 (1j>Mm2)2 + 0.2061j>Mm2 K=-2x106(1j>Mm2)2 + 0.2741j>Mm2 Model Mean 
Hydraulic Radius 
20 Hexagonal K=-7x106(1j>MHR2)2 + 0.4141j>MHR2 K=-7x106 (1j>MHR2 )2 + 0.5651j>MHR2 Model HR 
1 0 2-Layered 
Model Mean K=-2x1 06(1j>Mm2 )2 + 0.2031j>Mm 2 K=-2x1 06 (1j>Mm2 )2 + 0.2681j>Mm2 
Hydraulic Radius 
10 2-Layered K=-7x107($MHR2 )2 + 1.2661j>MHR2 K=-1x108 (1j>MHR2 )2 + 2.0891j>MHR2 Model HR 
Table 6.11: Permeabilit y as a function of macro p orosit y and either m:t or HRL 
6.6. Discussion and Chapter Summary 
The relationship of this and the previous chapters' work with the permeability 
measurements provided by chapters 3 and 4 may be first highlighted by the non-
linear relationship between permeability and simple measurements of overall 
porosity (1-V1) . This has indicated that the microstructure of these materials, and 
how this microstructure changes as reinforcements are compressed, are 
distinctive factors for permeability. The approaches of chapters 5 and this chapter 
(6) therefore work to characterise this microstructure and then consider this 
characterisation within the parameters of K-C permeability modelling, which 
include micro-scale generalisations in comparison to the macro-scale Darcy 
permeability measurements. 
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This chapter has provided a variety of techniques that quantify the microstructure 
of the two CFM materials. These include the semi-empirical modelling of bundle 
geometry and distribution, employing fibre diameter and intra-bundle porosity 
results from Chapter 5. lt is not possible to consider these techniques as accurate, 
however they may be considered to provide upper and lower bounds. These have 
then been applied to calculation of Kozeny Carman permeability models. Here 
micro pore, intra-bundle permeability has been modelled, using Gebart's (1992) 
variation on the K-C model, showing as insignificant at between 3 and 4 orders of 
magnitude lower than the macro permeability results. Following from this, 
consideration was made of permeability dependent on inter-bundle pore 
characterisation. 
Microstructure characterisation has specifically quantified inter-bundle pore space 
and the two concepts of mean hydraulic radius (m) and hydraulic radius (HR). 'm' 
was considered to not be accurately presented for the 1 D 2-layered model of the 
geometry, although these results were plotted, providing very similar results to the 
20 hexagonal model Figure 6.19. 'HR', although being considered less 
appropriate for high aspect ratio non-particulates, was calculated employing the 
novel approach of including consideration of the mould's walls. This enabled the 
entire space to be considered as a single, oddly shaped, pore. 
The K-C model balances the relationship between permeability and the product of 
porosity (inter-bundle for this approach) and the square of either 'm' or 'HR' using 
the Kozeny constant (C). This constant is a coefficient that encompasses a 
number of poorly understood factors. These include tortuosity and a pore shape 
factor. However, the shape factor is a coefficient relating actual pore shape to the 
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idealised circular cross-section, and tortuosity is only really applicable for 
continuous enclosed pores or 1 D models; therefore 'C' best remains considered 
as a coefficient of proportionality. 
To consider 'C' as a constant dictates a linear relationship between the above 
mentioned permeability and other factors. This fit was made within Figure 6.11 and 
Figure 6.12, which returned high R2 values allowing adequate calculation of 'C' 
values. The mean hydraulic radius approach returned 'C' values of between 3.73 
and 6.17, which are similar to the value of 5 that Carman suggested for packed 
particulate beds (Dullien 1992). The 'simply calculated' method provided the 
lowest value and the 20 hexagonal model the highest for both materials, with 
U813-300 having a 1.44 times higher 'C' than U850-300. In comparison the 
hydraulic radius method provided a far greater spread of 'C' results, from 0.55, 
similar to flow parallel to fibres for ordered unidirectional pre-preg (0.7 (section 
2.3.4.1 ): Gutowski, Cai et al. 1987), to 5.46. The mean hydraulic radius 
calculations also gathered the results by material (Figure 6.9), which, although 
inconclusive in terms of accuracy, suggests a closer relationship between the 
microstructure characterisation techniques. 
Further regression analysis showed that employing a constant does not accurately 
described the trend in permeability as a factor of inter-bundle porosity and either 
m2 or H~. Coefficients (as a factor of ifJMm2 or 1/JMH~) to present the relationships 
for each specific microstructural characterisation technique were then provided, 
with equations to describe permeability as a factor of these elements (Table 6.10 
and Table 6.11 ). 
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The variations in either the Kozeny constant of the new coefficient obtained when 
using the different techniques indicates the current restrictions regarding further 
analysis of the contributing factors of this constant or coefficient. Sources of error 
in this model include: 
Reliance on representational geometrical modelling or assumed 
simplification of the geometry. The variations between the quantification of 
'm' or 'HR' become far more serious once squared within the K-C model. 
Reliance on manufacturer provided quantities for tex values and weight 
fractions for the two tex valued bundles for U850-300. These may well be 
nominal values, but no further information has been available at this point. 
No consideration is made of where bundles touch and effectively result in a 
much larger, combined bundle that potentially no longer suits the 
geometrical representation presented above. 
Greater confidence in the precision of the bundle dimensions quantification and 
therefore provision of either mean hydraulic radius or hydraulic radius is required. 
The following chapter discussed proposals for further work that aims to address 
these limitations. 
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Chapter 1. Discussion and Further Work 
7 .1. Permeability Measurement 
This PhD thesis has involved the development of both radial and 1 D measuring 
tooling and equipment for the measurement of both saturated and wetting liquid 
flow permeability. The purpose of this was to investigate the differences between 
these techniques and to provide a library of specific and reliable permeability data 
for the two CFM materials investigated. The project then developed novel airflow 
experimental permeability measuring techniques. This was primarily motivated by 
the advantage to industry of cleaner, faster and easier to use permeability 
measurement that could characterise, for example, new reinforcements a 
manufacturing business is considering using. 
7.1.1. Directions and Types of Flow 
Discussion in the literature has shown disagreement as to the effects on 
permeability of whether flow is wetting or saturated (Dungan and Sastry 2002; 
Breard, Henzel et al. 2003). The experimentation designed and undertaken during 
this PhD has involved wetting and saturated flow both radially and through the 1 D 
mould, both as a liquid (wetting and saturated) and as air (saturated). 
For wetting flow, measurement of pressures and flow front positions were 
accomplished in the same manner for both radial and 1 D flow. Pressure became a 
measure of the differential between atmospheric and injection point pressure, and 
the flow front was photographed and the resultant images analysed using lmage-J 
software. In comparison, saturated flow was achieved differently for both radial 
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and 1 D flow. The radial experiments involved a pressure sensor mounted behind 
the flow front, with a differential between that and the injection point, whereas the 
1 D experiment allowed an overrun of injected liquid and the pressure differential 
remained between the injection point and atmosphere. 
For both types of flow, discussion is found in the literature as to the importance of 
sample preparation (Parnas et al. 1995; Luce et al. 1995; Lundstrom et al. 2000). 
Radial flow, where injection generally occurs at a central point, can potentially 
cause a lifting of the sample and the presence of three-dimensional (including 
through thickness) flow. To combat this, a central injection hole was employed 
here (Chapter 3 and 4). The cutting tool diameter was easily measured, and the 
resultant hole was also measured and found to be matching. However, error 
caused by the rough perimeter of the hole was more difficult to judge, therefore an 
overly cautious ±1 mm potential random error for diameter was employed (7.4% 
error). This equated to an error of between +6.5% and -5.6% for permeability, 
which agreed with the observation by Lundstrom et al (2000) that inaccurate 
injection hole measurement is a significant source of error for permeability 
calculation. 
With regards to the 1 D tool, it was unnecessary to follow Lundstrom et al's (2000) 
rule of thumb for tool aspect ratio in relation to orthotropic ratio of the 
reinforcement as the main purpose of this tool was to measure randomly arranged 
CFMs. However, the sample fit in the tool did remain an issue. Originally a cutting 
tool was employed; however, it was subsequently found more accurate to employ 
a template and a rotary (pizza cutter style) cutting blade. 
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No significant racetracking was seen in the liquid experiments and in any case this 
was combated by measurement of the plan wetted area of reinforcement for the 
determination of flow front distance (Chapter 3). Unfortunately it was not possible 
to ascertain whether any racetracking existed in the airflow experiments; however 
comparison of the liquid and airflow results showed no significant difference in 
permeability measurement. 
7 .1.2. Types of Fluid 
The fluids employed experimentally within this PhD have been glycerol and air. In 
comparison with a catalysed unsaturated polyester resin, glycerol has a similar 
range of dynamic viscosities. Tests conducted here (Appendix A3) have provided 
glycerol viscosities between 0.39 and 2.09 Pa.s (at temperatures of between 15 
and 30°C), whereas thermosetting polymers generally used for LCM are reported 
to have dynamic viscosity of between 0.05 and 0.5 mPa.s (Chapter 2). Although 
other differences occur, such as a curing resin system having a non-constant 
viscosity, the differences between glycerol and air (dynamic viscosity in the region 
of 0.018 mPa.s) are far greater. 
Within the experimental design, dynamic viscosity characterisation for both 
glycerol and air were accounted for by measuring the temperature of the flow over 
time. Here, the response of the glycerol's dynamic viscosity against temperature 
was measured (Appendix A3) and airflow dynamic viscosity was calculated using 
the equation provided by Kaye and Laby (1966) (Chapter 2). These were 
rigorously calibrated across experiments by calibrating the thermocouples against 
the rheometer's temperature controlled plate (Appendix A4). 
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Further considerations regarded the maintenance of sufficiently low Reynolds' 
numbers so as to suggest creeping or laminar flow to match the standard injection 
of resins during LCM processes. Predictions here involved employing an arbitrary 
reference length of 0.5mm to represent inter-bundle pore spaces, which related to 
Michaud and Mortensen's (2001) suggestion of Re numbers of below 1. Relating 
to this, the liquid permeability experiments (both 1 D and radial: Chapter 3) 
predicted Re numbers several orders of magnitude below the desired value of 1. 
However, limitations of the purchased pressure sensor and flow controller, in 
relation to the mould dimensions, resulted in far higher Re numbers for the airflow 
experiments (Chapter 4 ). These were several times the value of 1 for 1 D flow and 
up to 2 orders of magnitude above for the radial airflow predictions. 
Comparison of glycerol and airflow results provided no significant difference 
between the permeability of U813-300 measured using these fluids. The 
conclusions being that no significant issues arose from either exceeding 
recommended Re numbers or the employment of markedly different fluids. 
7.1.3. Methods for Controlling Flow and Mould Deflection 
Controlled flow rate has been employed throughout the experiments. For the liquid 
permeability experiments this has involved the in-house manufacture of a pumping 
system (Chapter 3), whereas the airflow experiments used an Omega flow 
controller (Chapter 4). Reference was made to Deleglise et al (2005) regarding 
their observation of the pressure drop error between controlled pressure fluid 
source and injection point when determining the use of either controlled flow rate 
or controlled pressure driven flow. 
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Increased intra-mould pressures, caused by progression of a constant rate of flow, 
may result in mould distortion, and therefore errors in cavity depth reading. 
Relating to this, pressure gradient predictions were made prior to ordering 
equipment for the liquid permeability experiments (Chapter 3). This was primarily 
undertaken in order to balance flow control, pressure measurement and Reynolds' 
numbers, rather than predict mould distortion; however, reference was made to 
the efforts of various authors when dealing within similar issues (Carter, Fell et al. 
1996; Lundstrom, Stenberg et al. 2000; Pearce, Summerscales et al. 2000; 
Seong, Chung et al. 2002; Buntain and Bickerton 2003: Chapter 2; Song, Chung 
et al. 2003). For the experiments conducted here, various approaches were 
employed to combat the impact of mould deflection: 
Mould dimensions: The radial liquid experiments involved use of the 50mm 
thick toughened glass mould top previously employed by Pearce et al. (2000), 
which was then contained within a new steel frame (Chapter 3). The one-
dimensional tool involved a glass mould top consisting of a 25mm thick 
overhanging upper and 1 Omm thick under-piece, which fitted down into the 
mould cavity; therefore resulting in a complete depth of 35mm. lt should be 
noted that this was to cover a comparatively small area of 105x170mm, in 
relation to the radial tool's 300mm diameter samples. In comparison, the radial 
airflow experiment's design was very different and involved aluminium platens 
mounted between the cross-heads of an lnstron Universal Testing Machine 
(Chapter 4 ). Measurements were taken during experimentation to ensure 
mould deflection was not signficant. 
Deflection measurements: mould deflection was measured using dial gauges 
for both the liquid radial experiments and the one-dimensional experiments 
(Chapter 3). Where appropriate they were included in the individual 
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calculations of permeability; however it may be seen (Excel spreadsheets on 
the attached CO-R) that the radial liquid flow distortions remained below 1% of 
the cavity depth. The distortions during the liquid one-dimensional experiments 
did not register on the dial gauge, and were therefore insignificant for these 
experiments. The radial airflow experiments were conducted in a different 
manner as the cavity depth altered in order to control fibre volume fraction; 
however the parallelism of the plates was measured throughout the 
experiments (Chapter 4 ). 
Even the maximum deflections shown within the liquid radial experiments compare 
favourably with measurements in the literature, such as Lunstrbm et al's (2000) 
measurement of a 1% deflection of their 4-cavity one-dimensional tool at an 
internal over-pressure of 1 bar. The mould deflection for the radial liquid 
permeability experiments averaged less than 0.6% of the cavity depth. In the one-
dimensional experiments the deflection was found to be too small to be included in 
the calculations, which may be related to the small size of the one-dimensional 
mould tool. 
7.1.4. Permeability Results for U813-300 and U850-300 
All of the liquid and airflow techniques have been compared for the U813-300 
material (Figures 4.17 and 4.18). All of the 1 D results (air and liquid) and the radial 
airflow results are closely comparable, with no significant difference between their 
fitted trend lines. The radial liquid results, although their wetting and saturated 
results follow each other closely, appear to follow a different trend to the others. 
However, when errors are calculated, it is only the liquid radial permeability results 
for fibre volume fractions above 0.25 that deviate significantly from the other 
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techniques. The conclusion here is that no significant differences in permeability 
arise from either the physical and chemical differences between wetting and 
saturated flow or by the use of either liquids or gases. However, it may be 
suggested that the radial liquid experimental technique does indicate an 
anomalous trend against fibre content and, as supported in literature (lundstrom, 
Stenberg et al. 2000), is therefore not recommended as such a robust technique. 
Rigour has been applied throughout with extensive error analysis. As desired, in 
all cases random errors have predicted smaller spreads of data than 2-standard 
deviations for permeability; therefore indicating the experimental processes as 
being more precise than the natural spread across the collected data. This 
supports these techniques (less so with radial liquid) as being robust and confirms 
the reliability of the library of permeability data collected for Unifilo U813-300. 
The 1 D airflow technique was then employed to measure the permeability of the 
second Unifilo CFM material (U850-300). This material retained a higher 
permeability across a range of fibre volume fractions with the proportional 
difference in permeability (U813 approximately 0.54 times that of U850 at 0.1 Vr 
raising linearly to approximately to a ratio of 0.64 at 0.3 Vr) remaining reasonably 
consistent. 
7 .1.5. Additional Use of Permeability Measuring Techniques 
Both airflow techniques have been further employed to investigate the effect of 
inter-laminar pore space on permeability (Appendix A 13), and have also been 
commissioned by the project's sponsor to provide results for other commercial 
materials (Appendix 01 ). 
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The inter-laminar tests showed no significant difference in permeability results 
across a range of different numbers of reinforcement layers. This led to the 
conclusion that the nesting that easily occurs between plies of these random mats 
removes any significant inter-laminar pore space. This also allowed the results 
from a range of plies to be combined and employed when comparing the radial 
airflow results against those of the other techniques. 
7 .1.6. Novelty and Benefit of the Airflow Techniques 
The interests of this PhD's sponsor (MVP 2008) was the provision of a 
permeability testing technique, preferably involving air injection, suitable for a 
production environment. Two such techniques have been developed here. 
The radial airflow technique provides permeability of a full range of fibre contents 
from a single sample loading. In this respect it is similar to Buntain and Bickerton's 
(2003) continuous compression technique; however, unlike their liquid flow 
technique, the radial airflow experimentation developed here showed no deviation 
of permeability, from the other results retrieved here (liquid radial and 1 D and 
airflow 1 D), as fibre content rose. This process, due to the cleanliness of the fluid 
and also the ease of its supply (compressor), made this a fast and efficient 
provider of permeability results for CFMs. The limitations are the inability of this 
technique to provide permeability vectors for orthotropic materials and the current 
requirement for an lnstron Universal testing machine (or similar) to control mould 
closure; although commercial development would be expected to provide some 
sort of lower cost pneumatic control for this. This technique has also been peer 
reviewed through publication (Pomeroy, Grove et al. 2007) and presentations 
(Pomeroy, Grove et al. 2006; Pomeroy, Grove et al. 2006). 
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The 10 airflow technique provides the benefit of allowing both airflow and liquid 
flow to be measured consecutively. This therefore allows a direct comparison of 
liquid and air permeation where the only remaining sources of random errors are 
those relating to flow control and pressure measurement. This method is also 
relatively compact, simple to use and the potential errors are easier to understand 
and control than the radial airflow technique. 
7 .2. Analytical Measurements and Modelling 
With respect to analytical permeability experimentation and modelling, this PhD 
thesis has characterised the microstructure of Unifilo U813-300 and U850-300 
CFMs. The purpose here was to work towards relating quantifiable 
characterisation of microstructure to permeability, so as to enable the continued 
development of CFMs to produce better parts with increased mechanical 
properties. This involved measurements of intra-bundle porosity and fibre 
diameters, using image analysis of SEM micrographs and then modelling of 
bundle geometries and inter-bundle porosity. This allowed consideration of the 
suitability of employing a Kozeny constant to describe CFMs, calculation of these 
and a non-constant coefficient for the variety of microstructure characterising 
techniques employed. 
A high number of individual measurements were made from the SEM 
micrographs. The aim was to provide a sufficient data set for averaging the 
parameters of intra-bundle pore space and fibre diameters where large localised 
variances exist, and also to address the subjective random errors typical of image 
analysis. Statistical analysis (t-test and confidence intervals) showed that a reliable 
average fibre diameter was obtained from each material and that no significant 
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difference existed between the fibre diameters of the two materials, which enabled 
average fibre diameter to be calculated from both materials' results. For the intra-
bundle porosity, although ANOVA showed a small significant difference between 
U813 and U850, further analysis suggested that it was correct to assume no 
significant difference between types of materials or SEM magnification. Therefore 
intra-bundle micro porosity was averaged across the measurements of the two 
materials. 
Measurement of fibre diameter was achieved by assuming it to be equal to the 
smallest dimension of the elliptical cross-sectional fibre area shown on 
micrographs. Between 400 and 500 individual fibre measurements were taken 
from both U813-300 and U850-300 samples. The results provided no significant 
difference between the materials and an overall average fibre diameter of 17.26 
IJm with a confidence interval (probability of 99%) of below 1% (±0.16 IJm) and a 
standard deviation of <6% (±0.95 IJm) across all measurements. 
Intra-bundle porosity involved 1900 individual randomly selected measurements 
from the U813-300 samples and 500 measurements from the U850-300 sample. 
The results provided an overall intra-bundle average porosity of approximately 
32% with a confidence interval (probability = 99%) of approximately 1% of the 
average intra-bundle porosity (±0.33% micro-porosity). A broad standard deviation 
of ±6.55 % micro-porosity across all measurements included both process 
limitations and also spread of localised micro-porosity. 
Limitations of both of these methods of measurement remain, these being related 
to image analysis. They involve the requirements to separate individual fibres 
manually prior to measurement and the inability to identify the different 25 and 50 
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tex bundles within images. These were unavoidable, employing the methodologies 
here, and solutions to these problems for these techniques have not been found at 
this point. Discussion of potential improvements are made within the further work 
section below. 
Modelling has been employed both for further characterisation of microstructure 
and analytical modelling of permeability. The microstructural modelling has been 
completed for two purposes, modelling of bundle dimensions and inter-bundle 
macro porosity. Three processes have been employed, including simple 
calculations based on intra-bundle porosity measurements and geometrical 
modelling based on both 20 hexagonal and 1 D 2-layered arrangements of fibres. 
All three involve limitations based on assumptions of representation of actual 
bundle arrangements, thus providing a range of results for both bundle dimensions 
and inter-bundle porosity. These ranges were then employed within Kozeny-
Carman (K-C) modelling to provide hydraulic radii (HR), mean hydraulic radii (m), 
Kozeny constants and non-constant coefficients of proportionality for the K-C 
models for each method of microstructure modelling. 
Employment of microstructural measurements within Gebart's (1992) K-C based 
models showed intra-bundle permeability to be insignificant ( < 1% of overall 
permeability), therefore permeability was assumed to be a factor of inter-bundle 
areas. Regarding inter-bundle porosity, the rate of reduction in macro-pore space, 
as fibre content increases, is lower for U850-300 than U813-300. This indicates 
that U850-300 retains a higher proportion of inter-bundle pore space as mat 
compression increases, which supports the improved permeability of U850-300 (in 
comparison to U813-300) as fibre content increases. 
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Assumptions have been made in the ability of the microstructural characterisation 
to accurately represent the actual bundle geometry, which is evidenced by the 
variations in results. Logically the two geometrical models of 20 hexagonal and 1 D 
2-layered were expected to provide upper and lower error bounds, with the simply 
calculated values for 'm' and 'HR' expected to fall somewhere between the two. 
However, this did not directly transpose to calculation of either the Kozeny 
constant or the non-constant coefficient. This suggests the requirement for 
improved microstructural characterisation to enable greater precision of the 
Kozeny constant and then further analysis of the remaining factors of permeability. 
7.3. Further Work 
The geometrical models employed within Chapter 6 take account of the scalloped 
perimeter of fibre bundles; however the relationship between perimeter and CSA is 
dependent on the shape of the bundle. Another issue is that these models only 
account for discrete bundles, where in the micrograph below (Figure 7.1, ringed in 
red) it can be seen that, even within this small area, there is extensive 
interconnectivity of bundles. Therefore in addition to the limitations of the models 
to accurately represent bundle shapes, there is a significant proportion of 
reinforcement volume where bundle perimeters and areas are significantly 
different. 
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Figure 7.1: Example micrograph of U813-300 
Another limitation is the requirement to use manufacturer's values for tex values 
and weight fractions for distribution of tex valued bundles within U850-300. There 
is the likelihood that both of these values are nominal rather than accurate 
averages and potential for experimental investigation of these is not obvious. The 
preferred method to more accurately quantify these would be to obtain more 
detailed analysis from the manufacturer; however this has not been forthcoming so 
far. 
The process provided in Chapter 6 is rigorous and well developed to the point of 
being able to provide predictive permeability modelling using the Kozeny-Carman 
model. However, to enable further analytical investigation of permeability factors it 
is necessary to deal with the above mentioned limitations and also improve 
methods for representing microstructure. lt is currently planned to use Simpleware 
(2008) software (Chapter 2) to progress this area. The rationale is that to be able 
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to clearly relate easily controlled factors of bundle tex size and distribution with 
permeability is advantageous to reinforcement material manufacturers. This would 
enable material engineers to increase the fibre content of CFM composites whilst 
retaining or improving wet through and wet out from improved processing, thus 
giving clear commercial and technological advantages. 
Simpleware Ltd's (2008) software was purchased in the latter stages of this PhD 
project, and as such only preliminary investigation has been possible. This 
software offers the advantage of providing 3D computational digital images from 
micro-CT digital images, which enables extensive further analysis and use of 
direct representation of the actual reinforcement. This actually offers potential for 
two areas of analytical modelling, one being based on drag flow modelling through 
CFD modelling and the second being to provide quantifications for capillary based 
models, such as the K-C modelling work initiated within this PhD. 
7 .3.1. Micro-CT Images 
The process of micro-CT image retrieval has been discussed within Chapter 2. 
This requires suitable scanning equipment not currently available at the University 
of Plymouth. Contact was made with various institutions, including: the universities 
of Birmingham (Miri 2007), Bristol (Robson Brown 2007), Cambridge (Laity 2007) 
and Aberdeen (Mackenzie 2007). The purpose of this was to enquire about costs, 
as a very limited amount of this project's budget remained at this point, in addition 
to seeking advice regarding the process. These communications established the 
restrictions on sample size and the resultant image definition possible. 
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Image resolution is measured in voxels (30 volumes), rather than pixels (20 
areas). These may, though, be simply thought of as pixels, as the gap between 
each two-dimensional x-ray image is equivalent to pixel resolution, therefore 
resulting in the voxel value. The resultant cost of the images is somewhat related 
to the resolution desired, as this dictates both the time required to scan the image 
and the post-scan reconstruction of the two-dimensional slices. Reputedly (Corps 
2007), at the time of writing, the University of Bristol possessed the newest and 
most advanced SkyScan (2008) micro-CT equipment from the above list 
institutions possessing 1-1-CT equipment. However, their machine was not fully set-
up at that point and was therefore unavailable for the needs of this project. The 
resultant balance of image quality and sample sizes provided by two of the other 
service providers were: 
Aberdeen University: a sample size of 5.5 mm in diameter was stated to 
provide voxel sizes of 7.32 IJm; whereas a larger sample size of 8.5 mm in 
diameter and 10 mm in height would return a voxel size of 9.77 1Jm. 
University of Cambridge: employs a SkyScan 1072 which enables voxel 
resolution to 5 IJm for small objects of less than 1 Omm in diameter. How this 
resolution changes with sample size is not clear, however a specimen holder 
with a diameter of 15mm is referred to within the instruction manual (SkyScan 
1072 2001) 
A single composite sample with dimensions of 8mm wide X 1.94mm thickness X 
10mm in length was cut and sent to Aberdeen University (Mackenzie 2007) for 
investigative scanning. A small region of the resultant data set was kindly 
reconstructed in P3G format in order that they may be viewed as images using 
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CTvol software (SkyScan 2003). Examples of the resultant reconstructed three-
dimensional image, at different rotations, are provided as Figure 7.2. 
These images provide representation to 9.771-Jm resolution of an approximately 
30% fibre content Unifilo U813-300 reinforcement. Of interest is the obvious 
flattening and spreading of the fibre bundles at the moulded surfaces of the 
sample plate, although the bundles appear unaffected away from the surfaces. In 
terms of image quality the resolution itself appears to provide images that visually 
represent fibre bundles. In quantifiable terms, this resolution is consistent with 
approximately 57% of the average diameter of a fibre (17.26 IJm). Therefore 
although not having the resolution to clearly define individual fibres this was 
deemed suitable for representation of fibre bundles that contain in the region of 
approximately 40 (25 tex) and 80 (50 tex) fibres per bundle (Chapter 5). 
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Figure 7.2: Micro-CT reconstructed three-dimensional image of U813-300 Unifilo 
at approximately 0.3 v, (voxel resolution to 9. 77J1m) 
A further two samples were commissioned from Aberdeen University. These 
involved Unifilo U813-300 samples at approximately 0.17 and 0.25 fibre volume 
fraction. For these the stacks of 20 images were not reconstructed, as the images 
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in Figure 7.2, as for Simpleware requirements the images were required only as 
stacks of two-dimensional DICOM files. 
7 .3.2. Microstructure Characterisation for Kozeny Constant Modelling 
For the estimation of the Kozeny constants detailed within Chapter 6 the 
requirement is for accurate and reliable measurements of bundle volume and 
perimeters. The benefits of Simpleware software include the ability to represent 
the actual rather than idealised microstructure of bundles. A 3D volume of 
reinforcement improves representation of the material in comparison with the 2D 
micrographs previously analysed. Greater rigour and precision of measurements 
for both resin/fibre-bundle interface and inter-bundle porosity would therefore be 
possible. 
However complications relating to image analysis remain. The Simpleware 
software requires a similar process of binarisation as employed for the lmage-J 
software, and is open to the same subjective thresholding sources of error. 
Research is likely to be necessary to resolve this issue. 
7.3.3. CFD Modelling from ~-CT Images 
Computational Fluid Dynamics modelling allows for control of both contact 
surfaces and fluid volume to represent flow dynamics. Should the Kozeny constant 
be more accurately quantified by the above work then it may be hypothesised that 
it accounts for these factors. Simpleware enables meshing of three-dimensional 
models, which may then be exported to CFD software. The benefits are that the 
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same 3D images analysed estimates of Kozeny constant (or replacement 
coefficient) may then be specifically used for CFD modelling. 
Simpleware's tutorial guide (Simpleware Ltd. Version 3.1: only available with 
purchase of the software) provides a simple outline of the process for using the 
Simpleware software to produce meshed three-dimensional models for further 
CFD solving. This involves two of the three "modules" of the software, these being 
Scan lP (the initial starting module) and Scan FE (Simpleware Ltd. Version 3.1 ). 
At present it is not possible to export from Simpleware into the CFX (Ansys Inc. 
2008) computational fluid dynamics software, which is the CFD software currently 
licensed by the University of Plymouth. Conversations with the representative from 
Simpleware Ltd at the time of purchase indicated that this was a process that they 
were working on, and other options include the purchase of CFD software, such as 
FLUENT, which is compatible. 
Of note is the recent completion of a honours project (Nicholls 2009) investigating 
the CFD (using Ansys CFX) simulation of flow through CFM materials. This 
employed the permeability data, average fibre diameter and intra-bundle porosity 
and also micrograph images collected here. SolidWorks (SolidWorks Corp. 2009) 
software was employed to construct a geometry file (Figure 7.3), to emulate a 
micrograph image, where the fibre volume fraction could be altered by changing 
the height of the box surrounding the solid areas. This was then imported into CFX 
to generate the mesh and model the flow. 
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Fibre bundle 
Region 1 
Figure 7.3: So/idWorks geometry file for CFM (image: Nichol/s, 2009) 
Comparison of modelled results with the empirical data collected from this PhD 
found similar trends of permeability vs. fibre content, although values were 
approximately an order of magnitude lower than measured results. 
The bundle areas were then rearranged within the software and then bundle 
shapes were also adjusted. Bundle shape was shown by this undergraduate study 
to have a more significant effect on permeability than bundle arrangement. This 
supports the requirement for further work, and also supports well the geometrical 
modelling and resultant differences in hydraulic radius, mean hydraulic radius and 
Kozeny constants provided in Chapter 6. 
Nicholls (2009) discusses the limitations of such a small CSA (provided by the 
micrograph) being considered as representative of a material where the random 
swirling and arrangement of bundles exists on a massively larger scale. This also 
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supports the recommendations above for employing the 30 volumes provided 
from micro-CT images, which would enable a representative area to be built up 
from a relatively small data set in comparison with the numbers required from 20 
images. 
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Chapter a- Conclusion 
This PhD thesis has taken a rigorous academic approach to address a topic of 
significant commercial and technological importance for a large area of the FRP 
industry, namely the permeability of CFM reinforcements for employment within 
RTM and L-RTM processing. lt involves two sub-areas of importance, these being 
permeability measurement and permeability analysis. 
This PhD has provided: 
A specific library of reliable permeability data for the CFM Unifilos U813-300 
and U850-300, which compares both wetting and saturated glycerol flow 
through radial and 1 D permeability tools as well as airflow through both radial 
and 1 D tooling. 
Development and validation of two (radial and 1 D) airflow permeability 
techniques for CFM materials. The 1 D technique is simple to use, easy to 
understand and has the added benefit of allowing both air and a liquid to be 
consecutively permeated through the same sample. 
Rigorous measurement of fibre diameters and intra-bundle porosity. 
Development of semi-empirical models for characterising the microstructure of 
CFMs, including quantifying inter-bundle porosity and fibre bundle dimensions. 
This has enabled estimates of the parameters of the Kozeny-Carman model, 
including hydraulic radii, mean hydraulic radii and Kozeny constant (or 
replacement coefficient). 
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The semi-empirical microstructure modelling, with the limitations already 
discussed, has shown that use of a Kozeny constant is acceptable for 
predictive modelling of permeability using the K-C model. For further analytical 
investigation a non-constant coefficient is required. This has been supplied for 
the microstructure quantifying approaches developed here; however 
advancement of these approaches is required. 
Proposed further work to refine the collection of empirical measurements for 
the microstructure characterisation, using micro-CT imaging and Simpleware 
software, and then CFD modelling to investigate factors of the Kozeny constant 
(or replacement coefficient). 
The sponsor's original desire, and early project aim, for a simple, quick and clean 
permeability measurement technique for CFMs has been rigorously investigated 
and achieved. These techniques have been validated against liquid results, with 
the radial airflow work having been presented at three conferences and published 
in a peer review journal. The 1 D technique is considered more robust than the 
radial technique. 
The continuing aim is to provide complete characterisation of the permeability of 
CFM materials based on material parameters that are easily controlled by 
materials engineers and manufacturers. These material parameters include bundle 
sizes (tex values) and arrangements, in addition to elements such as sizing and 
binders that have not been investigated in detail here and most likely to influence 
the Kozeny constant. Permeability itself relates to the efficiency of processing as 
well as part quality due to wet-out of fibre bundles, which directly relates to 
component properties. Technological development will result in increased 
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performance from easy to process, lower cost isotropic materials, but to truly 
engineer this, rather than taking intuitive iterative approaches, will require the 
characterisation discussed above. This PhD has initiated this process, showing 
that permeability cannot be simply modelled from 20 porosity distribution and 
exploring models to quantify the coefficient of proportionality between permeability 
and bundle dimensions. 
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Appendix A- Background Experimental Work 
These appendices include methodologies of secondary importance to those in the 
main text (i.e. supporting work), experimental equipment design and equipment 
data sheets. 
Appendix label 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
.......... 
.......... 
.......... 
.......... 
.......... 
Contents 
Title 
Liquid Displacement Pump Design 
Measurement of the One-Dimensional Tool for 
Cavity Depth Calculation 
Glycerol Dynamic Viscosity as a Function of 
Temperature 
Calibration of Thermocouples 
Predictions for the Radial and One-Dimensional 
Liquid Experiments 
Attenuation of Pressure Transducers' Output Signals 
and Scaling of the Signal for the Delogger Software 
Calibration of the 6 Bar and 1 Bar Pressure Sensors 
Connecting Pipe Pressure Drop Calibration for 
Permeability Experiments 
Considerations of Random Errors for Liquid 
Permeability Experiments 
Tabulated Results for Liquid Permeability (radial and 
1 D I wetting and saturated) 
Recalculation of Flow Rates for Maintenance of 
326 
PPrmeabifitv Charac:ter·i:;;Cftion of Continuou.t;; Filament Mats for Resin Transfer Mouldina Aopendix A 
12 
13 
14 
15 
Reynolds' Numbers <1 
Radial Airflow Predicted Pressure Ranges for the 
Purpose of Pressure Sensor Purchasing 
Radial Airflow Investigation of the Significance of 
lnter-Laminar Pore Space on U813-300 Permeability 
Considerations of Random Errors for Airflow 
Permeability Experiments 
SEM: Sample Preparation and SEM Methodology 
327 
P nn b 111 Cl l tf'n '• 1 :Jf Cnnt•IW'JU~ F 11 r 1 M ,, f r "? ~"' ~ M rg 
Appendix A 
1. Liquid Displacement Pump Design 
Constant volumetric flow rate was provided for the liquid permeation experiments 
via mounting of two 50mm diameter pistons, purchased from Air Controls Ltd , 
Plymouth, between the crossheads of the lnstron universal testing machine 
(Summerscales 2005). Figure A-1 illustrates the design. 
Threaded interior 
holes for bolting to 
the base 
Arran 
Crosshead presses 
upwards on block 
for refilling of pistons 
Cross head 
presses 
down on 
plate 3 
in the lnstron bottom crosshead 
(100mm centre to centre diameter) 
Figure A-1: Schematic illustration of the mounting and operation of the two pistons 
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Here a steel plate connects the tops of both pistons and allows a platform for the 
lnstron's crosshead to press down upon. This provides the flow through the 
threaded exit ports. Refilling of the pistons involves reversing the crosshead 
movement, where the crosshead presses up against a block of aluminium which is 
bolted onto a vertical threaded bar that passes through the hole in the crosshead 
where the load cell would generally sit. Figures A-2, A-3 and A-4 provide the 
dimensional requirements of each of the plates, 1, 2 and 3. 
55 mm 
I 
46.5 mm 34 • 42 
I 
~ . I 0 0 
-lGl-----~·-m~- ---- -- :: 
' ' 
0 0 i I I I o o 
200mm 
20 
320 mm Countersink the 
1 underside of these 
Side View 
Figure A-2: Plate 1 (3/4" Aluminium Plate) 
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Figure A-4: Plate 3 (2" Steel Plate) 
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The Festo piston ordering sheets are provided as Figure A-5 and Figure A-6. 
These include details of the dimensions of the pistons. 
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Figure A-5: Ordering sheet part one for pneumatic pistons. Includes detailed 
dimensions 
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Figure A-6: Ordering sheet part two for pneumatic pistons. Includes detailed 
dimensions 
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Appendix A 
2. Measurement of the One-Dimensional Tool for 
Cavity Depth Calculation 
Due to the inability to internally measure the cavity of the 1 D mould tool, except for 
the one open side, it was necessary to measure the geometry of both the 
aluminium base and the glass mould top. 
The measurements taken, at each of the four corners (left-front, left-rear, right-
rear, right front), are shown schematically in Figure A-7. These included: 
a. the inner glass height 
b. outer glass height 
c. inner aluminium base height 
d. outer aluminium base height 
e. total closed mould height (e) 
b 
e 
c 
d 
Figure A-7: Schematic Illustration of the dimensions required to be measured 
333 
AIJ•Jendi;.· A2 PermeaNlitV Cf1aracrcrisalion of Continuous Filamenr Mars (or Resin Transfer Mouidino 
The calculations included: 
• Inner cavity depth = c- a 
• Total glass thickness= a+ b 
• Total closed mould depth = b + d 
Therefore actual cavity depth for each run could be calculated from the difference 
between the calculated total closed mould depth (b + d) and the measured depth. 
As the above are calculations made from individual measurements that do not 
take into account any imperfect surface-to-surface fitting between the glass and 
aluminium, and that the experimental measurements were to be made by Vernier 
callipers, it was necessary to calculate typical values for the error that could be 
expected. This involved taking measurements of a closed empty mould, using both 
a depth-micrometer and the Vernier callipers that were to be used for the actual 
experimentation. The results are provided on the included CO-R*. The predicted 
errors are well below 1% and therefore acceptable for the purpose of these 
experiments. 
* 10 mould tool cavity measurements.xls 
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Appendix A 
3. Glycerol Dynamic Viscosity as a Function of 
Temperature 
Using a Brookfield RS rheometer, dynamic viscosity vs. temperature results were 
provided for the glycerol used for the liquid permeability experiments. 
Nine bottles of glycerol were required throughout the experiments; therefore 
samples from each were tested to provide a viscosity vs. temperature relationship 
for each specific bottle. Ten samples were tested from each bottle of glycerol and 
the temperature vs. dynamic viscosity, the results being included on the provided 
CO-R*. The graphs for each bottle, complete with 2-standard deviations as error 
bars and trend lines fitted to enable viscosity to be calculated for the specific liquid 
temperature of each permeability experiment, are provided as Figure A-8. 
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* Glycerol Viscosity Results. xis: within the Chapter 3 spreadsheets 
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Figure A-8: Glycerol dynamic viscosity as a function of temperature, plotted 
individually across all nine bottle of glycerol used 
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As may be seen, the first three bottles used provided a broad spread of results. 
Apart from these being early in respect to experience with the technique, the first 
of these bottles was pre-opened and had been sat on the shelf for an unknown 
period of time; whereas, the latter bottles were purchased for the purpose of these 
experiments. lt should be noted that glycerol is hydrophilic and therefore 
susceptible to humidity within the environment it is kept. 
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Appendix A 
4. Calibration of Thermocouples 
Five K-series thermocouples were purchased (RS Components Ltd undated) for 
the purpose of measuring the temperature of the liquid flow through the 
permeability measuring tool and also of the tool itself. These thermocouples have 
a linear relationship between voltage output and temperature and therefore are as 
precise as either can be measured, however these thermocouples are not 
calibrated and therefore their readings are expected to drift from actual 
temperature to some degree. 
Calibration of these thermocouples involved taping the five of them closely 
together and mounting them within a sample of corn oil on the rheometer's 
measuring plate (Figure A-9). Measurements were then logged every second for 
approximately 20 seconds at temperatures of 15, 20, 25 and 30°C, as indicated by 
the rheometer. 
Figure A-9: Testing of thermocouples on the 
rheometer's heated base plate 
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Averages were then taken and plotted against the rheometer temperatures. Linear 
lines of best fit were then applied and equations for the lines produced to allow for 
calibration. Results are shown graphically in Figure A-10 and in tabulated form in 
Table A-1. These include R2 values, which allow for a rating of the thermocouples 
in terms of their linearity. The highest linearity is returned from #4, then #s 3 and 5, 
then #1 and #2. However, a high level of linearity is returned from all, with all 
having an R2 indication of suitability of fit over 99%.indicating the extent of the fit of 
the conversion equations to actual temperature measurements. 
35 
y = 1.0831x- 3.6621 
30 R2 = 0.9986 
25 y = 1082x - 2.9988 
R2 = 0.9941 
i 
20 
" ... 
~ 
., 
Q. 
E 15 
"' 1- y = 1 0222x - 19269 ~ 
s R2 = 0.9999 ., 
E 10 0 
"' y = 0.993x- 1.7134 ..c: a: 
R2 = 0.9997 
5 
0+-----~------~------~-----,-------r------~------
0 5 10 15 20 25 30 35 
Thermocouple Temperatures (0 C) 
• Thermocouple 1 • Thermocouple 2 Thermocouple 3 x Thermocouple 4 • Thermocouple 5 
Figure A-1 0: Rheometer temperature vs. thermocouple temperature readings 
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Thermocouple Calibration to Retrieve Rheometer Temp R2 values (%) 
1 T R = 1.0831T T- 3.6621 99.86 
2 T R = 1.082T T- 2.9988 99.41 
4 TR = 1.0222Tr-1.9269 99.97 
3 T R = 1.0759T T- 2.9868 99.99 
5 T R = 0.993Tr -1.7134 99.97 
Table A-1: Conversion calculations to retrieve relative rheometer temperatures 
from individual thermocouple readings 
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5. Predictions for the Radial and One-
Dimensional Liquid Experiments 
Time to fill predictions for both radial and one-dimensional liquid permeability tools 
are shown as Table A-2 and Table A-3, respectively. lt should be noted that for 
predictive purposes the relationship between K and Vt for Unifilo U750 from 
published results has been used. 
I Time to Fill (seconds) for Radial Mould 
I R - 50 I R - 1 00 I R - 150 
6~~:~r: I Q (m3/s) V1 = 0.1 I V1 = 0.35 ]1 V1 = 0.1 Ill Vr = 0.35 i Vr = 0.1 Vr = 0.35 Rates 1 1 1 . • 
Jmm/m~--------------------~'--------+-1 ___ _ 1.:--1 ___ ...._!_ __ __, 
___ _5 ____ _; ... ~,?X.~:.QL_ l 216 156 ! 865 ---1----~?_'!. ___ :--f _1'==9='=4:=-5 --'-----1'='4~05=---__, 
10 , 6.54E-07 . 108 78 ' 432 i 312 . 973 703 
20 1 131To6 -- I 54 39 1· . ?Jil_~~~I~:::.J.?.~-=:~~:r-~~ _4=-:8::-=6'-----+-----'3...::5:=-1-i ~o-r 1:95E=o6l 36 26 1· 144 104 325 234 
1---- 40 c::il31~~~~= 1 27 19 - 108 J :::--?a:=~Jr-· ---=2=4:=..3_+-__:1:.::7c..:..5-i 
50 j 3.27E-06 ' 22 16 i 86 . 62 l--. _.::.19..:..:5:.__-+--'-14:....:1:.__--1 
Table A-2: Time to fill predictions for U750 through the liquid radial mould tool 
x = 50mm 
Vr= 
0.35 
Time to Fill (seconds) for 1 D Mould 
x = 100mm x = 150mm 
Vr= 
0.1 
Vt = 
0.35 
Vt = 
0.1 
Vr= 
0.35 
x = 170mm 
Vt= 
0.1 
Vr= 
0.35 
Table A-3: Time to fill predictions for U750 through the one-dimensional radial 
mould tool 
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Appendix A 
6. Attenuation of Pressure Transducers' Output 
Signals and Scaling of the Signal for the 
Delogger Software 
Both the Setra/Gems 2 Y:z" of water pressure transducer and the 1 and 6 bar liquid 
pressure transducers returned output signals of 0-5 Volts, which did not suit the 
maximum input of 2.5Volts required by the Datataker DT500 (Datataker 2008). 
The wiring for these transducers therefore needed to be altered via attenuation, or 
"stepping down", of the signal. This wiring is illustrated in Figure A-11 where the 
use of two 1 K resistors also aid in protection of the Datataker DT500 from the 5 
Volt input signal. 
Pressure 
Transducer 
~~rf~". 
.. ,·- I ~ £w'l 
Positive output 
+ 
Negative output 
Positive input 
+ 
Data 
Logger 
Negative input 
Figure A-11: Attenuation of pressure transducers' 5V output signals 
lt was also necessary to input the attenuation details into the Delogger software 
program, which controls the Datataker. Within the screen shown in Figure A-12 the 
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[External] attenuation box must be checked and the number 2 entered within the 
text box to indicate that the signal has been halved. 
0 
s 
Chilnnel Properties rxJ 
DataU~ I SI~ I 01 I M~ I lli!M: 
Eld~ I Te~nW!alm I ReleiiJlal Gail I Speaal 
r Gai1Lock 
OK 
Atterualxln 
r None 
r lrtn Attertl111Ql 
r NoAttertl111Ql 
r. Eldemal 
Figure A-12: Attenuating the signal within the Delogger program 
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7. Calibration of the 6 Bar and 1 Bar Pressure 
Sensors 
The 623 Pa Setra/Gems low pressure transducer had been purchased with a 
calibration certificate (Appendix B). Therefore, for comparative purposes, it was 
necessary to calibrate the 1 and 6 bar pressure sensors with respect to the 
calibrated low pressure transducer. These calibrations were conducted as shown 
in Figure A-13, where compressed air driven flow was allowed to pass along a 
length of tube with a T -bar connector leading to another T -bar connector, from 
which the transducer and the 1 bar pressure sensor were mounted. The flow from 
the open end of the tube was then restricted to provide a range of pressures and 
measurements were taken via the Datataker DT500 (Datataker 2008). This 
experiment was then repeated with the 6 bar sensor in place of the 623 Pa 
transducer Figure A-14. These results are plotted, with lines or best fit, R2 values 
and equations added, as Figure A-15 and Figure A-16. 
----7 
Omega 
'-----' 
1 -7 5 L/min 
Flow 
Controller 
Length of -----
tube to crea~------
pressur:Pe------
drop 
1 Bar Gauge 
Pressure 
Transducer 
"---:;,q._. ___ ~ n~ 622 Pa Differential Pressure 
=uJ Transducer Pressure Relief 
Valve 
Figure A-13: Schematic illustration of the calibration of the pressure sensors 
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Figure A-14: 1 and 6 bar pressure sensors attached to pressurised 
flow via a T-bar connector, for the purpose of calibration 
Figure A-15 plots the low pressure (623 Pa full scale) pressure transducer against 
the 1 bar sensor. This allows the correct pressure result, as would be expected 
from the commercially calibrated low pressure transducer, to be calculated from 
the 1 bar sensor reading. As can be seen, the level of fit for the linear relationship 
provided is very high, with a value of over 99.9% 
Therefore to correct the 1 bar (full scale) sensor: 
P1bar=LP = 1.0679 X P1bar + 166.92 
Equation 1-1 
Where: P1bar=LP =correct pressure calibrated to the low pressure, 623 Pa full scale, 
transducer; Ptbar = 1 bar sensor reading. 
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Figure A-16 plots the 1 bar sensor reading against the 6bar sensor reading, 
therefore allowing the 6bar sensor to be calibrated to match the 1 bar sensor. The 
level of fit is again very high at over 99.9%. 
Therefore to correct the 6bar sensor to match the 1 bar sensor: 
Psbar=1bar = 1.0001 X Psbar + 554.83 
Equation A-2 
Where: P6bar-1bar = 6bar sensor calibrated to 1bar sensor; P6bar = 6bar sensor 
reading. 
Then it is necessary to correct again the corrected 6bar sensor reading to calibrate 
to the low pressure transducer. 
Psbar=LP = 1.0679 X Psbar=1bar + 166.92 
Equation A-3 
Where: P6bar-LP = correct pressure calibrated to the 623 Pa transducer 
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Appendix A 
8. Connecting Pipe Pressure Drop Calibration for 
Permeability Experiments 
For each of the permeability experiments the point of pressure measurement is not 
exactly at the point where the permeating fluid enters the mould and the sample. 
There therefore exists a potential error, as discussed within Chapter two, where 
there is a pressure drop between the point of measurement and the actual 
injection gate, which would transmit through to the calculated permeability. To 
assess the significance of this error, and whether a calibration is required, open 
mould tests were conducted to measure the pressure drop. 
This situation relates to the Poiseuille's equation for flow through open pipes 
where when the length and radius of the pipe and the fluid viscosity remain 
constant the pressure drop along the pipe remains linearly related to the fluid's 
volumetric flow rate. To experimentally test for this the above mentioned open 
mould experiments were conducted, where injection rates were controlled across 
the expected usable ranges and gauge pressure measurements were taken. 
Liquid Radial Experiments: 
For the liquid radial experimental tool a single lnstron closure rate of 50 mm/min 
(3.27x1 o·6 m3/s) was used, therefore open mould tests were conducted only at this 
injection rate. For these experiments two pressure sensors, one at the injection 
point and one at a larger radius, were employed simultaneously. Therefore a 
concern was whether the electrical signal would be affected by the close locality of 
the wiring or by possible electrical loops across the mould tool. Therefore open 
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mould experiments were conducted with only the injection (6-bar) sensor mounted 
and wired in and then again with both sensors (6 and 1-bar) mounted and 
recording at the same time. The results can be seen within Table A-4, which 
shows the average calibration, required to achieve a correct reading for the 
injection point, as 14.85 kPa, and the difference with and without the second 
sensor attached and running, which equates to only 0.22% of the average 
measured pressure. Therefore the presence of two sensors wired in 
simultaneously was able to be considered to be an insignificant factor. 
Average Pini for I Average Pini for 6Bar i 
68 S 0 I 1 d 1 8 5 D"ff 1 Average Pressure ar ensor n y i an ar ensors 1 erence , 
[ "th 3 27E-06 ' [ "th 3 27E 06 31 °'~L' N Drop Between Wl · ! Wl · - m s Aas 10 0 M-easurement an. d 
m
31s flow] i flow] verage lnJ·. Gate (kPa) 
(kPa) ! (kPa) \------'----"'-------!-----'--'--------'---- I -----.. -------
14.9 14.8 0.22 14.8 
Table A-4: Open mould injection gate pressure measurement error results for 
liquid radial flow at 3.27x10"6 m3/s 
One-Dimensional Experiments: 
The one-dimensional tests were expected to be less affected due to the minimal 
restriction between the measuring point and the permeation of the sample), 
therefore liquid tests were not completed. However, air flow experiments were 
completed, with the results shown in Table A-5. As shown, the error, in average 
injection pressure measurements, reaches a maximum of 7/1 OOths of a percent of 
the full-scale of the transducer. Therefore may be considered insignificant for the 
1 D air flow permeability experiments. 
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Q i Average Pressure as%of 
(Limin)! Differential (Pa) Full Scale 
1 0.16 0.03 
2 0.10 0.02 
I 
' 3 I 0.46 ' 0.07 i 
4 0.34 i 0.05 
' 5 ' 0.32 0.05 ! 
Table A-5: Open mould results for one-dimensional airflow experiments 
Radial Airflow Experiments: 
The radial airflow experiment, however, was found to have a significant pressure 
drop between pressure measurement point and injection gate. These results may 
be seen in Table A-6 and plotted graphically as Figure A-17. 
The experimental process involved the mould platens being kept open and flow 
being controlled across the flow meter's range whilst gauge pressure was 
measured. The results show a surprisingly non-linear (in relation to the Poiseuille 
prediction) relationship between injection pressure error and volumetric flow rate. 
However, the level of fit of the data points to the MS Excel fitted curve is extremely 
high, with a R2 value of 99.99%, therefore indicating the reliability of this data. 
The line of best fit returned the following relationship between injection pressure 
error and flow rate, which was then employed to correct the results retrieved from 
the radial air flow permeability experiments: 
Corrected lnj. Pressure= Pmeasured- (7E+09Q2 + 5006580) 
Equation A-4 
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Figure A-17: Open mould radial air flow results 
I I I Av. Press. Diff. Between Measurement I I I I 
Temp. I Point and Injection Gate Q (m3/s) I I I 
I 
(oC) I (Pa) 
I [transducer accurate to 1.56 Pa] 
I -·- - ---- ------ - -----------~~ 8.33E-06 ! 19.2 5 
I 
- -- --- ---
-------
1.67E-05 19.4 11 
. - - -
.. -
- - ---
2.08E-05 19.4 14 
·-
--
- - ---
--·- ~-- ___ .. 
·-·-----
2.50E-05 ! 19.4 I 17 
--- -- --· -·-··---. -----··-----··---· ··---- --------------
2.92E-05 19.4 I 21 
I 
---- --- -·-- -··--·-··-- - --· ·--~ .. ----i 3.33E-05 19.5 I 25 
-
- -
-- ----- -
3.75E-05 I 19.8 I 29 
- -- ---------· 
4.17E-05 ' 19.8 I 33 
-
-
I 4.58E-05 19.9 38 I 
----- - ------- ---- -·----
5.00E-05 ! 19.9 I 43 ! 
--------- -~ ------ -- -- ------
5.42E-05 19.9 48 
---- -
5.83E-05 20.0 54 
- --
6.25E-05 20.0 60 
- -
6.67E-05 i 20.1 66 
- -- - ------
7.08E-05 20.1 72 
- -- --- --- •*··- -- - ·--- - ------
7.50E-05 20.2 78 
---
-----
7.92E-05 I 20.2 86 I 
--
-
- - ---
---
8.33E-05 20.3 92 
Table A-6: Open mould results for radial airflow experiment 
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9. Considerations of Random Errors for Liquid 
Permeability Experiments 
Radial Liquid Permeability Random Error Analysis 
Random error analysis for the radial liquid experiments involved limitations in the 
experimental techniques and equipment and material tolerances. These are 
detailed as: 
Random Error Parameter Value and Related Error Random Type Error(%) 
Cavity Depth Measurement± the difference between the Measurement Specific Measurement (h) corners (< 1%) 
Central Injection 6.8 ± 0.5 mm (the cutting tool radius with 7.4% Hole accountability for the ragged edge of the (1 d.p.) Measurement (ro) cut) 
Outer Radius of 0.7% the Cut Sample 150 ± 1 mm radius (1 d.p.) ( r 1) 
Volumetric Flow Viewed to be insignificant due to precise 
Rate (Q) control of the lnstron in comparison to the Insignificant 
relatively fast movement of the crosshead. 
Differential Measurement ± 1500 Pa (as ±0.25% < 2% in all Pressure 
Measurement (P) accuracy for the 6 bar sensor) cases 
Glycerol Dependent on 2-standard deviations Specific to 
each bottle of Viscosity (IJ) across viscosity measurements glycerol 
.. Table A-7: Quantlttes and descrtpttons of the random errors assoctated wtth the 
liquid radial experiments 
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The liquid radial flow permeability results are plotted with random error bars 
(Figure A-18 and with a logarithmic permeability plot as Figure A-19). These 
results are also provided on the CO-R*. For comparative purposes, this plot also 
includes dotted line error bars representing 2-standard deviations (as a single 
standard deviation would not be visible on the plot). 
J .E-09 
2.E-09 
l.E-09 
y = 1 E-O Be -a 12x 
~=0.99 
y = 1 E-08e'0 1:z. 
~= 1.00 
O.E+OO +---~-----.-----.------,-----.-------,----, 
14 16 18 20 22 24 26 28 
Vr (%) 
-Wetting Radial Liquid K - Saturated Radial Liquid K 
Figure A-18: Radial liquid results, including comparison of random errors and 2-
standard deviation spreads 
1 E-08 
l.E-09 
y = 1 E-08e -a 12x 
R2 = 0.99 
y = 1 E-08e -O 1.z. 
~= 100 
1.E-10 +-----,----,.----,----.-------r------.------. 
14 16 18 20 22 24 26 28 
Vr (%) 
-Wetting Radial Liquid K - Saturated Radial Liquid K 
Figure A-1 9: Logarithmic plot for permeability (radial liquid results, including 
comparison of random errors and 2-standard deviation spreads) 
* Random Errors for 1 D and Radial Liquid. xis 
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1 D Liquid Random Error Analysis 
Random error analysis for the 1 D liquid experiments included the same errors for 
flow control, pressure measurement and glycerol viscosity as the radial 
experiments. Additional random errors also included: 
Random Error Type Parameter Value and Random Error (%) Related Error 
± 1 mm is used to err on Generally less than 1 %, Flow Front Distance (L) the side of caution dependent on extent of flow front progression 
Cross-Sectional Area (A) ± Error of 0.1 mm in each Insignificant (0.001 %) direction (y and z) 
Table A-8: Quantities and descnpttons of the random errors assoctated wtth the 
liquid one-dimensional experiments 
As with the radial results, the one-dimensional liquid permeability results are also 
plotted with random error bars (Figure A-20 and with a logarithmic plot for 
permeability as Figure A-21 ). Again this is complete with dotted 2-standard 
deviation error bars for comparison purposes, and the tabulated results are 
presented on the CO-R*. 
*Random Errors for 10 and Radial Liquid.xls 
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3.E-09 
2.E-09 
1.E-09 
y = 3E-Oae·• "' 
R2 = 0.99 
y = 3E-Oae·0 "' 
R2 = 0.99 
O.E-<JO -1----~---~--~--~---~--~--~ 
10 12 14 16 18 20 22 24 
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- ----·-·- ----------------1 
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Aooendix A9 
Figure A-20: One-dimensional liquid results, including comparison of random 
1.E-08 
1.E-09 
errors and 2-standard deviation spreads 
y = 3E-08e0 "' 
R2 = 0.99 
y = 3E-ose' "· 
R2 = 0.99 
1.E-10 +----~---~--~--~---~--~--~ 
10 12 14 16 18 20 22 24 
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Figure A-21: Logarithmic plot for permeability (one-dimensional liquid results, 
including comparison of random errors and 2-standard deviation spreads) 
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Appendix A 
10. Tabulated Results for Liquid Permeability 
(radial and 1 D I wetting and saturated) 
Tabulated results for radial and one-dimensional, wetting and saturated liquid flow 
are presented as Table A-9 and include 2-standard deviations for both 
permeability and fibre volume fraction. The 2-standard deviations are then 
presented as a percentage of permeability against fibre volume fraction within 
Figure A-22, which indicates that there is no correlation between standard 
deviations and fibre content. 
Radial Liquid Permeability 
2SDs 
I Average 2SDs I Average I 2SDs Average across 
v, samples I Wet. K Wet. K 1 Sat. K 1 Sat. K (m2) 
- ~~~-) _ ___i (m2) I (m2) v, i 
0.148 0.003 i 2.2E-09 I 5.1E-10 I 2.2E-09 ! 5.0E-10 
---
' 
0.185 I 0.001 1.5E-09 I 5.7E-10 I 1.4E-09 I 3.7E-10 l ; ! ! 
0.220 0.001 I 1.0E-09 2.5E-10 9.8E-10 2.7E-10 l 
-- -· ! 0.262 0.001 I 5.4E-10 1.2E-10 5.2E-10 8.8E-11 
1 D Liquid Permeability 
--
i I 
---~ -----
2SDs ! Average I 2SDs I Average f 2SDs Average I across ! I ! 
' j Wet. K I Wet. K I Sat.K Sat. K v, ! samples (m2) I (m2) 
l (m2) i v, i ! (m2) I ' ' l \ I 
0.110 0.0004 I 4.9E-09 
I 
8.8E-10 4.7E-09 I 5.5E-10 
I 
. -- ····· ·--.. -----·----··-·-
0.132 0.0007 3.4E-09 5.6E-10 3.3E-09 5.1E-10 
r---- --- ~-··-·-------· .. ·-·······-
0.154 i 0.0010 I 2.1 E-09 I 6.0E-10 l 2.0E-09 i 5.0E-10 I I i 
0.176 0.0006 I 1.5E-09 3.3E-10 1.4E-09 3.3E-10 
0.198 0.0005 I 1.1E-09 3.6E-10 1.1 E-09 i 3.4E-10 i 
0.220 0.0001 i 7.2E-10 5.1 E-11 I 7.1E-10 8.5E-11 
Table A-9: Wettmg and saturated, radtal and 1 D ltqutd permeatton results for 
Unifilo U813-300, including 2-standard deviations across samples 
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Figure A-22: 2-Standard deviations as a percentage of permeability, plotted 
against fibre volume percentage 
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11. Recalculation of Flow Rates for 
Maintenance of Reynolds' Numbers <1 
As discussed within Chapter 4 Omega Engineering Ltd's (2007) volumetric gas 
flow controllers are available with full scale flows as low as 10 cc/min. Therefore 
predictions for resultant Reynolds' numbers have been re-calculated for the radial 
air flow experiments using a range of flows between 100 and 500 cc/min (Table 
A-1 0); this being a representative controllable range for a 0-500cc/min controller. 
Predicted resultant pressure differentials have also been calculated (Table A-11 ). 
As can be seen, the 0-500cc/min controller satisfies Reynolds' numbers of below 1 
and provides pressures suiting the lowest range ('/." of water) Setra/Gems 
pressure transducer. 
Predicted Worst Case Re 
Q Number 
r----(c_c-=-=/m=-=-in_)-!-5~~~_110~~m ~-----1-5-~-~-m--
---=1~0-=-0 __ L2_1E-01 i 1.4E-01 9.1 E-02 
1- 200 i 5.5E-01 i 2.7E-01 1.8E-01 
300 I8~2E-O( I 4.1 E-01 2.7E~0-1--
I----=:470o=---:i-f.1-E+OO i 5.5E-01 I 3:6E~01 __ _ 
500 I 1--:-4E+06l 6.8E-01 ! 4:6E-~01----
Table A-10: Predtcted Reynolds' Numbers at dtfferent radial points 
Q l Pressure Differential for 6-
' 
_(cc/m in) 1 Layered S!~P.-~~-~--(~~L.____ ___ ; 
i Vr = 0.1 -~--=- 0.35 I ---100 ! 0.18 13.18 
.. ·-···-···-·········--··-··----·-·--
200 I 0.37 26.37 
................. ·-·-··-···---···--···----··-··-----
300 I 0.55 I 39.55 
-· -···------------------
400 ! 0.74 i 52.73 
-- ------------I I 500 I 0.92 I 65.91 
Table A-11: Predtcted pressure dtfferenttals (between m/et and atmospheric) 
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12. Radial Airflow Predicted Pressure Ranges 
for the Purpose of Pressure Sensor 
Purchasing 
NIST permeability data for Unifilo U750 (Parnas and Flynn 1998) was employed to 
aid prediction of pressure ranges; therefore allowing judgment to be made as to 
purchase of suitable pressure sensing equipment. Firstly this published data was 
plotted to allow a correlation equation between permeability and fibre volume 
fraction to be retrieved from a line of best fit. This is shown within Figure A-23. 
1.00E-06 
i: 1.00E-07 y = 4E-Oae·O 120ax 
~ R
2 
= 0.9084 
.c 1.00E-08 
C'CI .. 
ell 
E 
... 
ell 
a.. 1.00E-09 
1.00E-10 .J---~---.---,--~-~~-~-~-~-~ 
0 5 10 15 20 25 30 35 40 45 
Fibre Volume Percentage 
I· Saturated, 1-Dirrensional Testing · Unsaturated. Radial Testing I 
Figure A-23: Permeability vs. Fibre Volume Percentage for Unifilo U750, from 
NISTdata 
Then the Excel spread sheet used to retrieve these predictions is provided on the 
enclosed CO-R, and the resultant pressure predictions provided as Table A-12. 
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Volumetric Pressure Differential for 6 Lay::e~ ~"bm~tD(Pa) Flow Rate 
(Umin) K2lfh r0 
' vf = 0.1 ! vf = o.3s I ... 
1 ! 1.84 i 131.83 I 
·-····· 
2 i 3.68 [ 263.65 .......... __ 3_ .._______ ,
5.51 ' 395.48 :~::::::::::4:=::::::=:1 7.35 I 527.30 
5 I 9.19 I 659.13 
Table A-12: Resultant predtcted range for 6-layered CFM samples at a V1 range 
between 0.1 and 0.35 
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13. Radial Airflow Investigation of the 
Significance of lnter-Laminar Pore Space on 
U813-300 Permeability 
Within a RTM or L-RTM closed mould there may be one or more layers of the 
reinforcement fibre mat. Therefore there exists a range of differing pore space 
distributions, one of which is inter-laminar pore space. As such the hypothesis was 
that should this inter-laminar pore space play a significant role when determining 
permeability then there would be a significant difference between permeability 
results retrieved across a range of reinforcement layers. 
Within conventional permeability testing, which tend to have a fixed cavity depth, 
then a change in the number of reinforcement layers results in a change in fibre 
content; therefore rendering the results incomparable. However, the radial airflow 
technique developed here enables permeability testing at a range of reinforcement 
layers that enables comparison of permeability at comparable fibre contents. 
The saturated radial airflow technique has been proven to have greater precision 
than the material induced distribution of results at specific fibre contents. This 
method was therefore deemed suitable for investigation of the significance of the 
inter-laminar pore space. Where, here a significant variance is defined as where 
the mean permeability values for a specific number of layers falls outside of two 
standard deviations of the permeability values of samples with another specific 
number of layers. 
361 
Methodology 
The methodology stipulated within chapter five involved measurement of 6, 10 and 
14 layered samples. Therefore the results from that characterisation of the U813-
300 material are presented here for investigation of the significance of the inter-
laminar pore spaces. 
Results 
Table A-13 provides permeability results, with standard deviations and random 
error bars, for 6, 10 and 14 layered samples. These results are then illustrated 
graphically as Figure A-24 with exponential lines of best fit, including R2 values 
which indicate a good fit. These lines of best fit were added for ease of 
comparison of the varying layered results . 
-
"' E 
> 
1.E-08 
~ 1.E-09 
:0 
CO 
Q.) 
E 
'-Q.) 
~ 
y = 4E-0Be-O 1743x 
R2 = 0.99 
y = 4E-08e·0 1 P 
R2 = 1.00 
1.E-10 +------.-------.-------,-------.---------, 
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Fibre Volume Fraction (%) 
I• 6-Layers • 1 0-Layers 14-Layers I 
Figure A-24: Averaged permeability results vs. v, for 6, 10 and 14 layered 
samples, including 2-SD predicted spreads shown as error bars. 
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Av. 
Vr 
Vr 
2-SDs 
-Random 
Error K 
(m2) 
+ 
Random 
Error K 
(m2) 
I + 
Rand. ! Rand. 
Err. Vr i Err. Vr 
i 
6-Layers ---·-
0.129 i 0.002 I 3.67E-09 ! 8.41E-10 : 5.51E-10 i 7.83E-:-1-::-0--r1----::-0.-::-02:::---11 0.029--
0.177 0.003 I 1.58E-09,3.22E-10 I 1.57E-10 I :2.j9~:_!Q_ 0.039 --0.040--
0.181 1 o.oo2 I1.41E-o9 1 2.67E-1o! 1.36E-1o l_1.53_~-1o __ o.o4o ~--~o.o~I~ 
0.217 I 0.003 I 8.40E-10 I 1.79E-10 I 7.26E-11 i .1:~Q~~JQ__J 0.048 __ Q:9_4~--
0.223 i 0.005 8.03E-10 1.71E-10 I 6.89E-11 I 7.56E-11 i 0.049 0.051 
~:;~~I ~:~~: r-1:~~~~~~ t .ITI~~~:~ I ~:~~~:1~~~~~~=:1 ~:~;~ ~-:]~~][: 
0.264: 0.006 ! 3.69E-10 i 7.58E-11 I 3.29E-11 i 3.60E-11 i 0.058 I 0.060 
0.275! 0.006 ! 2.97E-10 i 9.73I~-=-1-1 i 2.75E-11 i_:~~OQ~~U:::! 0.061 t:Q.Q§?:: 
0.284: 0.007 i 2.44E-10! 7.51E-11 j 2.36E-11 i 2.58E-11! 0.063 j 0.065 
0.294 i 0.006 T1. 78E-1 0 ! --4.7-9E-=-f1-! 1.89E-11 ':?:QZ'.g~11__ 0.065 ~~=Q.06Y= 
o.142 I 
o.187 I 
0.2281 
0.263 
0.289 
0.31 
10-Layers 
o.ooo !3.4 7E-09 !-1-:Y7E-=o9 ! 3.69E-1 o ~--4~24E=1cf i 0.028 ! 0.032 
~:~~~ I i:~~~~~~ I ~:;~~:~~ 11:~~~~~~ 1-:~~~~r~:~- i ~:~~~ :-::§~~~~~: ~:~~~ ~:;~~~~~ •· ~:t:g~:; ___ ~:~~~~~n:1~x~~11J ~:~;~ ~~-I~~~=: 
0.009 1.47E-10 I 3.89E-11 I 1.46E-11 i 1.60E-11! 0.062 I 0.070 
···--·····-··-·······--···----·· ---·-----··-··---··---·-
f-,------,-,~~~~~~~--,--~-14-Layers _____ _____ _ __________ _ 
0.142 0.001 ' 2.99E-09 I 2.04E-09 ' 3.77E-10 : 4.55f::_·:JQ_! 0.029 I __ Q:9?1.__ 
0.188 0.001 1.28E-09 4.28E-10 ,1.06E-10 11.16E-10 IQ.038l 0.043 
0.231 I 0.003 6.61E-10 1.80E-10 i 4.66E-11 I ~:04E-:_11 IQ.0461_ ~9§1._ 
0.268! 0.002 3.71E-10 9.10E-11 I 2.46E-11 l ?:~5E-11 I 0.054 1 __ _9_:_Q§1___ 
0.298 i 0.003 I 2.19E-10 4.83E-11 I 1.58E-11 ! 1.71E-11 : 0.060 : 0.067 
0.325 I 0.009 ! 1.13E-10 4.69E-11 I 1.11E-11 I 1~26E-=-11! 0.065 l-0~074--
Table A-13: Averaged permeability results w1th 2-standard dev1at1on statiStical 
analysis and random errors 
Discussion 
The lines of best fit applied to the averaged data all returned extremely high R2 
values, thus suggesting accurate description of the trends. There is little variation 
between all three trends, with the 6 and 14 layered samples being almost identical. 
The variation between the 1 0 layered samples, and the others, appears to be 
caused by higher permeability at lower fibre contents than the other sample 
ranges. This is supported by the slightly lower R2 values that in comparison with 
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the other two lines, which have high levels of fit, suggest that the data does not fit 
the trend to the same high degree. 
There appears no clear reason why the 1 0 layered samples deviate so strongly at 
low fibre contents. However it should be noted that the low pressures at these low 
fibre volume fractions raises the potential error stemming from lowered precision. 
In all cases, other than the lowest Vt 10-layered sample, all data points, and 
therefore lines of best fit, fall within a two standard deviation spread of each other. 
This therefore suggests that the variation between inter and intra-laminar 
permeability is insignificant in comparison to the spread of data across the sample 
population. 
Conclusion 
In conclusion this experimentation has shown that whatever variation exists 
between inter and intra-laminar permeability it is an insignificant factor for the 
overall macro-averaged permeability tensor of CFMs. 
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Appendix A 
14. Considerations of Random Errors for 
Airflow Permeability Experiments 
Radial Airflow Random Error Analysis 
Table A-14 presents the random errors that are considered to be associated with 
the radial airflow experiments. 
Random Error i 
I 
Random I Parameter Value and Related Error Type I Error(%) ! 
' 
i Meas. Cavity Depth i I Measurement± 1/1001h mm ! specific but Measurement (h) ' 
I insignificant i 
! 
~---------·-·-·---·-·----·· ... 
-·--·--· ... -----···-·········-··-····-·· -··-T 
Central Injection 
I 
6.8 ± 0.5 mm (the cutting tool radius with I 7.4% Hole Measurement accountability for the ragged edge of the I (1 d.p.) (ro) cut) ·--·----~~-
Outer Radius of the 150 ± 1 mm radius 0.7% Cut Sample (r1) (1 d.p.) 
-------------------------
! 
Volumetric Flow Measurement± 8.33x10-7 m3/s (1% of full ! Q specific Rate (Q) ; scale control) ! 
Differential 
I 
-·- --··-···--------r--
Measurement ± 1.557 Pa (0.25% of full I Pressure I P specific I scale measurement range I Measurement (P) I I i -·--.... -_ .._, __ , ___ ,_,. ________________ , .. ____________ 
Air Viscosity (IJ) Measurement± 5x1 o·7 Pa.s 1J specific 
.. Table A-14: Ouant1t1es and descnpt1ons of the random errors associated w1th the 
radial airflow experiments 
Figure A-25 provides the radial airflow results complete with random error bars for 
permeability. This graph is then repeated as Figure A-26 with added error bars, in 
pink, to represent 2-standard deviations across the results accumulated for the 
averaged data points. 
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Figure A-25: Radial airflow permeability results with random error bars for 
permeability measurements (second graph provided on a logarithmic permeability 
scale) 
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Figure A-26: Radial airflow with random error bars (blue) and 2-standard 
deviations (pink) (second graph provided on a logarithmic permeability scale) 
1 D Airflow Random Error Analysis 
The random errors for the control of flow, pressure measurement and glycerol 
viscosity remain the same as for all of the previous experiments. Other than these, 
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random errors in flow front distance and cross-sectional area for flow relating 
specifically to the one-dimensional experiments are presented as Table A-15. 
Random Error Parameter Value and Related Error Random Error Type (%) 
Flow Front lt is not possible to predict the extent of Insignificant the error here, therefore ± 1 mm is used Distance (L) to err on the side of caution (<1%) 
Cross-Sectional ± Error of 0.1 mm in each direction (y Insignificant 
Area (A) and z) (0.001%) 
.. Table A-15: Quanttttes and descrtpttons of the random errors assoctated wtth the 
one-dimensional airflow experiments 
Figure A-27 provides the radial airflow results complete with random error bars for 
permeability. This graph is then repeated as Figure A-28 with added error bars, in 
pink, to represent 2-standard deviations across the results accumulated for the 
averaged data points. 
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Figure A-27: One-dimensional airflow permeability results with random error bars 
for permeability measurement (second graph provided on a logarithmic 
permeability scale) 
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Figure A-28: One-dimensional airflow with random error bars (blue) and 2-
standard deviations (pink) (second graph provided on a logarithmic permeability 
scale) 
As with the U813-300 results, random errors and standard deviations are again 
compared for the U850-300 reinforcement (Figure A-29). Here the random errors 
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are shown as blue error bars and the 2-standard deviations across both 
permeability and content are shown as pink error bars. 
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Figure A-29: One-dimensional airflow UB50-300 permeability results random error 
bars (blue) and 2-standard deviations (pink) (second graph provided on a 
logarithmic permeability scale) 
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Appendix A 
15. SEM: Sample Preparation and SEM 
Methodology 
This appendix details the sample preparation and SEM methodology employed for 
the investigation of the CFMs U813-300 and U850-300. 
Methodology · Materials and Experimental Equipment List: 
Circular diamond-wheel wet-saw: used to minimise heat damage to the cut 
edge when cutting the individual samples. 
Digital callipers: precise to 0.01 mm and calibration checked (in-house using 
slip gauges) to an accuracy of ±0.005mm. 
Sicomin SR 8100 Epoxy resin (Sicomin Epoxy Systems 2008): (with 22% by 
weight of SD 8824 hardener) employed for potting the individual cut samples. 
Epoxy was used in preference over polyester due to increased toughness and 
reduced shrinkage and therefore greater resistance to cracking during the cure 
cycle. 
Pots for microscopy samples: two different types were used. The earlier U813-
300 samples used the potting plate shown in Figure A-30, whereas the U850-
300 samples used individual pots similar to 38mm film canisters. The purpose 
of these large pots was to provide samples to fit an automated grinding and 
polishing machine, which had not been available when preparing the earlier 
U813-300 samples. 
372 
-Figure A-30: Potting of U813-300 samples (vertical view) 
Buehler (2007) Beta Grinder-Polisher with Vector Power Head (automated: 
Figure A-31 ): whereas the U813-300 samples had been ground and polished 
by hand on a rotating grinding bed, this automated grinder-polisher became 
available for preparation of the U850-300 samples. The process allowed for 4 
samples to be held within a rotating head above a rotating grinding bed. The 
process was then automated by programming the bed's spin rate, the power 
head's downward force and the time period for grinding or polishing. 
Figure A-31: Buehler Beta Grinder-Polisher (with Vector Power Head) (image: 
Buehler 2007) 
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Ultrasonic bath: used to wash the samples between grinding and polishing, and 
also between each progressive stage of polishing. 
JEOL Scanning Electron Microscope (JSM-5600LV: Summerscales 2005): 
(Figure A-32) located within the Electron Microscopy Centre at the University of 
Plymouth. Although the U813-300 samples were gold sputtered for 
improvement of conductivity (Figure A-33), when testing the U850-300 samples 
superior images were actually retrieved by not using a conducting layer. To 
avoid the potential softening or degradation of the polymer matrix, due to this 
lack of conducting layer, the intensity of the electron beam was increased to 
40nm. 
Figure A-32: Scanning electron microscope 
Figure A-33: Gold sputter coating equipment 
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lmage-J (undated) image analysis software: (tool bar shown in Figure A-34) 
This software enabled images to be scaled and binarised. The resultant 
binarised areas were measured both proportionally and as SI units of length 
and area. lt should be noted that menu commands are shown in square 
brackets ([])where indicated within the following methodology. 
·-~ lmageJ_ 
File Edit ll)lage Process AnalyZe Plugins Window Help 
[Ql[§JQJ9SJ~±JSJ1J~~~g~~1JlJ~Z[J:»l 
lmageJ 1.38e I Java 1.5.0_:09 
Figure A-34: lmage-J too/bar (image: lmage-J undated) 
Sample Manufacture and Preparation Methodology: 
The composite plates were manufactured by RTM employing Plastech T.T. Ltd's 
RTM injection equipment. Control of each sample's fibre volume fraction was 
achieved via knowledge of the mould cavity depth and control of the number of 
reinforcement layers used. For the U813-300 samples the mould cavity depth was 
controlled to either 2 or 3mm using shims, whereas the U850-300 samples were 
manufactured in a mould with a 5mm cavity, using 4, 8 and 12 layers of 
reinforcement. The combination of cavity depths and numbers of plies 
approximately provided the fibre volume fractions presented within Table A-16 and 
Table A-17 respectively; these having employed a nominal areal weight. 
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Number of Cavity Depth Predicted Fibre Reinforcement 
Layers (mm) Volume Fraction 
4 3 0.15 
3 2 0.17 
-··----~~·· 
4 2 0.23 
-· 
5 2 0.29 
Table A-16: Calculation of fibre content for UB13-300 sample manufacture 
Number of Cavity Depth Predicted Fibre Reinforcement 
Layers (mm) Volume Fraction 
4 5 0.9 
8 5 0.19 
12 5 0.28 
Table A-17: Calculation of fibre content for U850-300 sample manufacture 
Individual samples were cut from the composite plates using the diamond saw. 
The geometry of these samples differed between the two materials to enable a fit 
within the potting moulds. The individual thickness of each sample was then 
measured using the digital callipers and the measured average areal weight 
(U813-300 = 286 g.m-2, and U850-300 = 290 g.m-2) used for accurate calculation 
of fibre volume fraction. 
The potting moulds were prepared using a wax release agent (Specialty Products 
Co. accessed 2008) and the samples were lightly glued, using cyanoacrylate 
(super glue), to the base of each pot cavity. Epoxy resin was then mixed and 
poured into the moulds and allowed to room-cure overnight; the same 
methodology being repeated for both the U813-300 and U850-300 samples. 
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Both of the batches of samples were first ground using abrasive papers in a 
progressive range from 400 to 2400 grit, and then progressively polished using 
61Jm and 11Jm diamond paste on nylon and felt pads respectively. The U813-300 
samples were both ground and polished by hand on a rotating bed, whereas the 
U850-300 samples were prepared using the automated grinding and polishing 
machine. 
Of important note is the washing of each sample between each grinding or 
polishing step, so as to ensure that the progressive stages were not contaminated 
with particles that could result in deep scratches on the polished surfaces. Relating 
to this, the ultrasonic bath was employed between the grinding and polishing 
stages, and also then between each stage of polishing. The process employed is 
detailed within Table A-18. 
Grinding or Applied Force Time Polishing (pounds (kg)) (mins) RPM Material 
400grit 3 (1.4) 3 300 
··-··-···-·····--····--···· .. ·-··--·····--·--·-----· . -
--------
Wash sample under tap 
-·------- ---------------······-·-- ·······-
I I 
-~---------
800grit 3 (1.4) 4 300 
------- -----------------------· ·------·-···-···-·-··· ----
Wash sample under tap 
··--·····---···-···-------·-·-·---···-···- ----~-L I 
_I ______ 
1200grit 5 (2.3) 6 300 
··-·-- ·············-······ ----- ------ --
Wash sample under tap 
-------···-···-···--·--·-·-·----·· --
I I 
-~--2400grit 5 (2.3) 8 300 
·····-· ············-·· ········-······- ......... ······-· - ---------------
Wash sample in the ultrasonic bath 
·-
- -· 
I -c--1 0------ r ~00 = 61Jm 5 (2.3) 
. -----------------··-··-------···-···--------
Wash sample in the ultrasonic bath 
-----------· -··-··-------------- ··-·····-------
--
11Jm 5 (2.3) 10 300 
Table A-18: Automated grinding and polishing process for the U850-300 samples 
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Scanning Electron Microscopy Methodology: 
The U813-300 samples were the first to be investigated using this methodology, 
and were gold sputter coated. lt proved difficult to obtain backscatter images from 
gold sputtered samples of U850-300, so un-sputtered samples were used, which 
resulted in successful retrieval of images. Other than this the process was generic. 
Each sample was first mounted on the electron microscope's stage, with a strip of 
carbon tape running from the stage base and across the top of the sample (not 
obscuring the area to be focused on) to aid conductivity. The stage was mounted 
within the microscope and the microscope then closed and sealed. 
Control of the SEM occurred via the computer screen shown in Figure A-35. The 
position of the stage under the electron beam was controlled either by a joystick or 
via the right hand side of the screen. Use of the (image 1] button on the image 
control tool bar allowed low quality images to be quickly retrieved, which were then 
magnified strongly using the separate joystick control to allow for both focusing 
and stigmatision to be adjusted. The [image 3] button allowed for higher quality 
images to be viewed reasonably quickly, in order to control the desired contrast 
and brightness of the image, and then [image 4] was used to retrieve the image, 
which was then saved as a tiff file. This final process of image retrieval took 
several minutes, therefore highlighting the importance of the earlier stages for 
ensuring the desired image and image quality was correct. 
The joystick control, or clicking of the mouse on the microscopy image on the 
screen, allowed for the stage to be moved in order to set up for the next image. lt 
was then necessary to repeat the process of focusing, contrast and brightness, 
due to subtle variations across the surface of each sample. 
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Figure A-35: SEM control screen 
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The tiff micrograph image files were each opened within the lmage-J software via 
the [File) drop down menu (Figure A-36 label [1]). These images were then 
duplicated, so as to protect the original image, using [Image) (label [2]) then 
[Duplicate]. 
1] [2 
lmageJ 1.38e I Java 1.5.0_09 
Figure A-36: Image analysis process illustration (image: lmage-J undated) 
The image was then scaled using the magnify tool (label [3] Figure A-36) to zoom 
in on the SEM image's scale bar (Figure A-37). The line tool (label [4]) was then 
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used to draw a line the length of the scale bar, then, following the steps of 
[Analyze] (label [5]) and [set scale], the scale bar value entered into the [Known 
Distance] box. Within this window the [Unit of Length] box was adjusted to j..lm and 
ticking of the [Global] box then allowed for subsequent images to be scaled to the 
same reference length. Therefore repetition of the process was not necessary for 
every opening of an image of the same magnification. 
Figure A-37: Scaling of the microscopy images 
The images were then converted to binary images to enable measurements. This 
was done via [Image] (label [2] Figure A-36), [Adjust] then [Threshold]. At this point 
the methodology became subjective, due to each image having differing levels 
contrast and brightness. Therefore it was necessary for thresholding to be 
completed manually via manipulation of the slide controls shown in Figure A-38. 
Due to their clear contrast and little in the way of defined topography the "poorer" 
quality backscatter images aided in this process. In practice, however, achieving 
consistency of the quality of images, even across the images within a single 
sample, was very difficult. This may be related to differences in conductivity when 
the electron beam was focused on different areas of the sample. 
380 
Threshold 
17 
94 
Slide controls for 
thresholding 
(upper and lower 
boundaries) 
Figure A-38: lmage-J thresholding window (image: lmage-J undated) 
Once the thresholding was complete the collection of binary images, at different 
magnifications, were analysed. 
Fibre Diameter Measurements 
Obtaining measurements using lmage-J involved firstly selecting the 
measurements to be obtained by selecting [Analyze] (label [5] Figure A-36) then 
[Set Measurements ... ]. The measurement of fibre diameter involved fitting an 
ellipse to a selected fibre shape (label [1] Figure A-39), which would then return 
the maximum and minimum axis distances. Selection of the measurement choice 
then involved determining the number of decimal places as 3 (label [2]) and then 
[OK] (label [3]) to finalise this; the units having already been decided by setting the 
scale in micrometres, as above. 
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~Area Mun Gray V<llue 
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0 Display label 
[2] 
[3] 
Figure A-39: lmage-J [Set Measurements] window (image: lmage-J undated) 
To avoid selection of more than one fibre for each measurement from the 
micrographs, it was necessary to separate the fibres. This was done by using the 
pencil tool (label [6] Figure A-36) to separate the fibres, as shown in the 'before' 
and 'after' images in Figure A-40. This has the possibility of creating an error of 2 
pixels (the number required for line thickness to enable separation) for individual 
fibres. However, this error is randomly positioned around the ellipses, therefore not 
often affecting the minor axis, and is of similar magnitude to the potential error 
from the manual thresholding process. The necessity of this process, with the 
large data set measured, therefore allows a realistic assumption that the 
measurements remain representative. 
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Figure A-40: Binarised image (left), and with separated fibres (right) 
Individual fibres within each image were then selected using the wand tool (label 
[8] Figure A-36) and measured via [Analyze] (label [5]) and then [Measure] (or ctrl 
and m on the keyboard). Then lmage-J's table of results was simply copied and 
pasted into a spreadsheet for statistical analysis, as detailed in the main text. 
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Appendix B - Certificates and Documentation 
Appendix label 
1 
2 
Contents 
Title 
Low Pressure Transducer Calibration Certificate 
Omega Flow Controller 
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Appendix B 
1. Low Pressure Transducer Calibration 
lc-f01t /"f,"N 
. ~/1' <-: 
:: . , .. : .,.cq 
,, j 
Certificate 
,un"uP~IIl 11111~~1 
Qlalibrattou Qlrrtificat.c 
CALIBRATiOS ~ATA 
i. 
159 Sv1anson Road. Bo)(borough, MA 01719/Telephone 1-BOG-257-3872, (978) 263-1400 
~!ia~; J-2 1-bv 1 'J~ 
Figure 8-1: Scanned copy of the low pressure airflow pressure transducer's 
calibration certificate 
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Appendix B 
2. Omega Flow Controller 
MASS FLOWMETER$ AND CONTROllERS 
With or Without lntsgra/ Display 
AIA-A2100 
...,. :t1% Accuracy 
...,. Unear Output 
...,. LowCost 
...,. Thermal Technology 
...,. For Flow Rates 
UptoSOOSUI 
...,. Power SUpply Included 
IUir.UIIl' 
~.a .... .,. am. 
The FMA-A21 01Y220012300!2.400 
Senes eie<110l11C mus .,WTT1t8rsl 
cortto!jen providlt 19 ~. 
vena fill, and atllle-of.fltNII1 
de5!1gn 1n one cornpar:;t paoc:age. 
The FMA-A210012200f2300.~400 
:J~! C!PI ~~ llermal 
tec:moiogy to dinlc:tly me &sift 
mA!II low ofgaea. No temperal.l"'· 
pT'eSSUI'a, or aquare root correctlCnS 
81B required. 
The FMA-1\230012400 Senes 
canes v.itl't an lCDdm~. and 
mo<Ws haVe ar 0 i) 5 and 
4 to 20 mA w., 11. 
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The Ft.AA-42tOM200a30012400 
measures the mail .,._ r.ua of 
gaes~n24 rqesfrom Oto tOO 
SU.l Forthe CD!71tJ~erte tng, refer 
to ne Bngetllb on page D-28. 
The FMA-A210M200a300r'2.400 
Ser>eS c;onpaUlle.,. most 
miH:Clfl'OSl\le gau. 'The user 
ad\'isad to c:neciC the v~aled 
mar.- agMlli gas eo~. 
Ot.E:GA's mass fow con1 rs tJ!e 
an 1ema1 e.emmagnetc 
P'op()AOnal .. atv& 0 COI'Itolttw 
mus fbw lllle. A m!!Ul'and s.gnal 
COin be Ste)pilld e ill• f1y the 
lllarnal eeiPGII'II pot or by a 0 to 5 
Vdc extern 30urca 
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Range Table 
Code SCCM Code 
00 Ob10 
01 Ob a! 
02 Ob 5IJ 
03 010100 
04 010200 
05 0!1>500 
SPECIFICATIONS 
Aealracy: :1% ollul ooa1e 
ln:IU!lng llt'earlly 
Repeldal>l my: :0.15% luD scale 
01 benet 
TIU,_n Ratio: 100:1 
Reopo...., Tl""': 5 o«<llds 
Gss Ambient Ten;>oratue: 
0 10 50"C ( :!2 "' 122' F) 
Temperature Coelflclerrt: 
06 
07 
08 
09 
10 
11 
12 
13 
OD.'l% 1UI woo per t•c or be~"' 
Pre!:Bwe Coef1icle0\: 
OD!% 1UI woo per psi or be1l!!r 
l.einimulll PIBSWIB Aoqu~eme0\!1: 
Mele19: 11nd\ol H.O 
ContJOIIe19 Up to 1 SL M: 1 psi 
ContJOIIem G"'ater \llan 
20 SUI: 20 psi 
Dlfferentbl Pre'!!Swe for 
r.ease Flow ContJOIIem: 
<5LPM. 51o 50 psi Sl""ctud 
Xi !PM. 20 .. 40 psi Slanderd 
M:llxlmum Ga-5 Pressure: 
Oetrin•: 25IJ ps;g 
316 SS: 310 ps'g 
LB8< lnle<lrlly: 
1 .:1 o• c:crrrtn a! He a ~~ 
Wetle<l Parts: 
Stanci3JCI: Oet111". FIO..tO-rhgs 
Op\Jonal: 316SS. FKMCJ-tnge 
Connections:\·; FNPT Slanlard. 
tu aD ~Wt!es!l ~el modW 11." 
~!ion lD;,g 
lnput'OU!pul Connection: 
9-pfn sun-D ccnnectlr 
Control Signs I: o "'5 V de 
Conllol Valve: B«:1romagtetc 
n<J1T1311yci<Bal 
QJII>ul•i9nal: urear o to 5 V<l:. 
1 000 0 rru1 load. • to 20 rnA. 
500 OI<K!preeiS".ance 
lnpuiPower: 
ll!eters: 24 V<l: @ ISO mA. 
115 Vac. 220 vacw.111 /IC ad~''" 
ContJOIIer: 24 Vdc Ill! 300 mA. 
11 5 Vac. 220 V se 'Ailll /IC ad,._,.,, 
Dime nslons: see drawhg 
Welgll1: 1.25 kg t2751b) 
"A<71powet ;:upp:v 
SUI COde. Su.t 
0101 14 01o:E Compatible Mater&: 
0102 15 010«1 DPF50, DPF60. DPF300. 
0105 16 010 .c5 DP24-C. DPF403. 
010 10 f7 010 5IJ See Section M. 
010 15 18 Olo55' 
Ob al 19 0 IG 60" 
Ob25 al 01065' 
Ob30 21 0 1070" 11 11 
22 .<1_107~· 
23 01o100" 
• 
[ D 
0 0 
filLET Raw~ IJTI.IT a 
-••<• 
0 0 
DT(J .... ")----1 
6~.25' ~ - !""'-<~50)__, 
6\0J.S)..fo 
t J_<tm 
0.10DIJ.xCU.SD/ 
Ct:nc:ru:iona: am (tn) lR.CS 
D MO!fr POPl/UJR MODELS H/GHJ.JGHrBJI 
To Order (Specify Model Number) 
IN.ld ol N!>. Ptk<l De!ICr iptJo n 
Fr.tA-A2WJ £380 Mass tzy.,~, wfthart dllp8~, rmgesO to 10 SCCM!o 0 lD 1 0 SI.M 
FMA-A221")-S~") ns Mass fowmnli'Oiler "'" con!MI v~-e. t~ Ob10 SCC!.IIIo 0 lD SOSlM. 316 SS 5111'1<1i1'<1 
FMA-A2311 394 Mass fowmelet with dt~, tll'lgMOto 10SCCM!o b 100SLM 
FMA-A24(")-S~"1 800 
Mass tow controller ..,-, ~~d 
con1!ol\'31\oe,rangee Olo 1 M 
lD o to so SLM. 316 SS S!Sndard 
' 
. lnlli01' nznt;D coc:b ti!J!ft mtti.OGift;' aiPJIJD roc.ampkdzJm~numtxu. ~ SS tar 
cpb:rnllf 3t6 :141'tb.:tJ !JIDOJt:-a:J)t lliJd artl £2'93 ID cz~o.t &alll (J.• c.atTF05Siln ~~ 
-=~ Nt:lr:: AJGai"'JJU!lcr aJwrarp:1~ am l'm're!mgmar 1:z1r at2D p:;.fJ;Idtcn USDd far t:!hm' SGJ!D .!l a ai!FGIBEI.Dn tGClCf a lfD ridtld to<*' r=nn D D'ID tbw t.afll. 
-s,oo.vy- "'""""""' p-=a. IDmpcrll!Uro. 
tO ID tOOSl.M av.u.tbttr ~ FMA-A21002'J00Sll:l:!nla:o:~ d:DDJ nxxiJ.b; tango ea» 2" ID 27. 
AJ:i1 £535 CD pnm. Omon:mn:~ .am ~ UUp an:/ campn:!:I:JtD"' ftD'Ig::s am :4 FNP r: 
Ora:rln(1£mrnprcv;FMA..U~l6. n::as:s 4aw.rr.dlm' w.lh cq,.bJt arlbrub1 b .rTimgcn .111 20 
P9 inial. nun ~cmUD tar 0 CD 4! Sl.U. BP: S CD 20p:;.1. 094. 
F61A.Jl21C2-SS. mli:S!J C!Jwmatar ..:Hnoutd.:;p:tDy, Oro .50 SCOA. CliV • 29:1 • cun. 
AO u meJ ccmo llli!PI mmp!D 1.0 opomlat 's m anuD 1 9-pin ~L£D-Oc:ann PCfltt paMU r SLA't and 
NJ'ST ea Jl:rllDan (no data po ;z ~. 
Ad:J•-MST!riD mi:Xillnlal"'bar and a Speltl NlSTea.'ZIIutD wtlba incb:tr:td l'!:ua er t:n:IV!JD. 
Ad:J ~.1\fSTJO"tara l!)pa!ntNtSTea.I.Jbr.GDoncarl!t'ato ara:Jtsri:JCIU roprtoaltal.!l. 
Accessories" 
Model No. Prl«! OesaiJ>IIon 
FIAA~OPWA U4 Rep!acsnem ood<!!l !lu9'ln P"""'' •'4JPIY 
!ot90to21!0Vac .-
0141 141 Re!eterre Bao!c Funa3rnenlal!l a! Tempetlll11eU 
p., • ...., !r1d Alr Flow M..,..,ement 
.. . . 
D-24 
Anoe1 ;dix B 1 
Figure 8-2: Data sheets for the Omega Flow Controller (images: Omega 
Engineering Ltd. 2007) 
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MEASUREMENT OF PERJ.,-IEABILITY OF 
CONTThuOUS FILA.!"\'IENT i\lAT GLASS-FIBRE 
REI.t'I"FORCEMENTS BY SATURATED RADIAL 
AIRFLO\V 
R. Pomeroy I' s_ Grove 1, J_ S\lllllllfTs<:ales 1, y_ Wang 1, A H.upef 
1 School of Engineering, F acull;r of Technology, Universi~;~• of Plymouth, Drakes Circus, 
P/.wnourll PL4 SA.-l, VK _- mu pomeroJJ'a•vl)moud• ac uk • gJ'Ok'•(ii•phmoud• ac uk 
.f summer;;cplesrQlplvmauth qc uk , ut wangtdpQ:mgufh ac uk 
'Plasreclr 11wrmoser Tecronics Lrd., .\famifacmring Technology Cellire, Chil_n..'Orrl!y 
Beam, Gunnislake, CornwalL PLJ S 9AT, UK: rrmhmwfiilaol.com 
.-\BSTR -\CT: The mearuremelll of fibre reinfOrcement penneabiJi,_-y i; imponam for the 
understanding, optimisation and modelling of RIM and resin infmion processes_ Thi> 
work investigates the use of a sanuated radial air tlov; experiment for measuring the 
pelllle-abiliry of conrinuom filament mat (CF1vl), which i;; a common reinforcement type 
med for indumial RU.I pans. The u;e of air, rather than liquid resin, i> cleaner, quicker 
and potemially ea;ier to controL The paper con>iders the problems inherent in u;ing a 
compressible thrid. and the requirement> for maintaining laminar flow_ It descnbes the 
inmumemation used for tlow and pressure mearurewent and the effect of Vaf)ing flow 
rate. Results compare fuvourably with publlihed permeability values based on liquid 
tlow experiments, and are independent of tlow rate wi!hin the range of values 
im-estigated_ 
KE\1\'0RDS: Continuom filament mat, air permeability, saturated radial flow, resin 
rran;fer moulding. 
INTRODVCTIOl'i 
Resin Transfer Moulding (RTh-1) and Lighl-RTM {l-RTh-1) are closed mould processe.> 
used for the 1113llllfacture of fibre-reinforced polymer con:qmsite components, ranging 
from industrial to aerospace applications_ Continuom filament mat (CTh!) glass-fibre 
reinforcement materials are suitable for many industrial RTh·l pans, due to their lofty, in-
plane isotropic nature and low cost compared to more orgrurised fabrics_ They are 
relatively prefonnable. and produce compo.sites \\iili moderate fibre content (T}pically 
less than about 40% by \'Oiume)_ 
There is both indmtrial and academic interest in the characteriiation and understanding 
of the fuctors aff&ting CFM permeability (K)_ This i; conventionally defined by Darcy'.> 
law [1-3], where the \'Oiumetric flow rate (Q_) of resin through cros>-section A depend; 
on the pressure gradient ( ~ and the resin viscosi!y (p): 
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Q= K.4 .VP 
p 
(1) 
The measuremem of permeability is usually carried out by observing either one-
dimensional linear or radial flow [2, 4]. Either a transient/wetting flow or a 
steady/saturated flow may be u..<ed, and either the flow rate or the prem~re gradient lllLISt 
be held con..<tant. There is a large body of literature on this subject [1, 4-13], inchuiing 
some no\·el approaches to penneabi!iJ:y measurement [14-16]. 
The rraditional approach i> to use either thermosetting resin or some substitute liquid of 
comparable \-iscosity. This is messy, iovol\ces high in-mould pressures and i> 
'destructive', meaning that the technique is not suitable for on-line, in-situ measurement 
in an industrial comext. To combat these problems, investigations invoking the flow of 
air and other ga;es instead of resin have been made [17-23], which range from macro-
scale permeabi!iJ:y testing through to locali;ed measuremem;; using arrays of sensor>. 
These have been u;ed for localised preform defect detection and investigation of inertia 
effecG. 
The use of air flow i; therefore an attractive proposition for permeabilh')' mea;;urement, 
and prompted thi> wolk to investigate the santrated radial flow of air for the permeabi!iJ:y 
characterisation of CFM at variou; fibre fractions. 
THEORY 
Air Flow Consideration.; 
Various cow:erns are associated with the use of air as a fluid fur permeabilh')' 
measurements. These inchtding matching the creeping or lruninar flow .;een in RTM 
processing [24) and the density and ~isco.>iry efrects of using a compres.;ible fluid. In the 
literature. both flow characteri;tics and compressibility are discus;ed in terms of the 
Reynold; number (Re): 
Re= plu 
p 
where p i> density, u is flow velocity and / is a reference length. 
(2) 
The Darcy model is comidered to be satisfied at Re < 1 [25), therefore sug~esting that 
munber.; at these le\'els reflect lruninar flow. In addition, it is considered that the 
compre.mbi!iJ:y of gases and inenia efrects may be ignored at Re •: 0.1 [24, 26]. Here. 
though, care must be taken; due to the impracticalities of measuring localised flow 
velocities and pore diameters the reference len,ath (/) and flow velocity (u) are taken as 
fibre diameter and superficial flow velocity respectively. Therefore, as flow path 
diameters and locaii;ed flow diifi>r contiderably between CThl and ordered fibres, 
inconsistencies 111!1)' exist between the flow regimes. However, the literature does 
document appropriate Reynolds number;; and the use of specific flo\.v rates of ga;e5 in 
order to ensure laminar flow [17, 18, 22-24]. 
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As long as compressibility effects are avoided, the viscosiry of air depends only on the 
absohlte temperarure [27]: 
(3) 
where p 1 is the viscosity of air at emperature T2, and p1 and T1 are reference \ralues (e.g. 
p 1 = 1.81 x 1~ Pa.s at T1 = 293 K). C (= 117 K) is Sutherland's constant. This appli.e3 
to dry air; rererence [27] also provides a correction factor for relative lmmidity (RH), 
which carues only a 0.25% variation in density over a 60% range in RH, therefore 
indicating that humidiry is an negliglble factor in viscosity calculations. 
Exp~timt'ntal Design 
The expernuental design ts shown schematlcally in Fig. l. Here a volumetnc flow 
controller (Omega Engineering) with a zero to 8.33 x 10·' m3 .<f1 range and a certified 
cahbrated accuracy of 1% of full scale, controls the volumetric flow of air which then 
passes through the base mould platen and permeates out radially through the 300 nun 
diameter samples. In order to measme the resultant pres.rure gradient across lhe sample 
a Serra ~rential pre.ssure transducer (Kempston Controls Ltd) \Vas used. This had a 
zero to 613 Pa range and a certi:fied cah"brated accuracy of 0.25% of ftill ~c.ale. Data 
were caprured on a Datataker DT500 data logger "ith Delogger sofh.vare. whtch ~o 
measured air flow emperature via a K-series thermocouple mounted in ~ base mould 
platen. 
Fig.1: Schematic illustration of the experimental design 
391 
8., lntmll!ti.onal C<mfl!rence"" Flow i>roces;e; i.D Composire MatErtals (FPCMS) 
Dcu:ti, FRA:.'lCE - 11-13 July 2006 
Ptnneability Calrolation 
Calculation ofpenneability from the experimemal par.uneters is shown as Eq. 4, which i~ 
obtllined by integrating Eq. I. Note that measured permeability K depends on the radiw 
of the cemral injection hole (ro): 
(4) 
L1P is the pressure dif'terence between ro and radial position r·, and d is the ca"ity depth. 
METHODOLOGY 
Unifilo U813-3GO was kindly donated by Saint-Gobain Vetrote..'t for these experiment~. 
The nominal reinforcemem areal weight is 300 gm'1, with a tolernnce of between 125 and 
345 gm"1 [28]. Each 3GO nJm..diameter sample comprised 6 layers, with 13.6 mm 
diameter injection holes, cut using a hydraulic press and cutting tools. These were then 
nccurntely weighed, and a fibre volume fraction rv iJ calculnted from measured caviry 
thickness. 
The samples were placed benveen the aluminium mould platens and compressed using an 
Instron Universal testing machine to the approximate depth required for a fibre volume 
fraction of 10%. The ca\iry depth was then measured accurately using Vernier callipers. 
Air flow rnte through the .o;amples was controlled inirially at 1.67 x 10"' m'.s·• (I Lmin'1) 
and differemial pressure and airflow temperature recorded ~~ second over a 20 .s 
period. This wa.s dim repeated at flow rntes of 3.33 x 10"', 5 x 10' , 6.67 x 10'' and 8.33 
x 10'' m's·• (1, 2, 3, 4 and 5 Lmin"1 respectively, as sho\m on the flow controller). 
The whole process was then repeated at progressively .=ller cavity depths to n V1 of 
approximately 35%, over 10 samples in total. 
This experimental method was then repeated, (over a limited range of !low rates) on 10 
nnd 14-layer samples. This was to inve-;tigate whether inter-ply pore spaces had any 
infinence on measured permeability. 
RESULTS .\:.'\o"'D DISCUSSION 
Experimental Errors 
The effecr; of random measurement erron on calculated V1 and permeability were 
considered in teiDE of the combination of worst case inaccuracies. These included E-
glass density of between 2550 and 2620 kgm.J [28), flow comrol!er accuracy to I% of 
full scare, pressure transducer accuracy to 0.25% of full scale, vernier calliper'.; in-house 
cah'brnted accurncy to 5 x I 0-6 m, sample outer radius (r) to 5 x I 0 .. m, and vi>cosiry to 
5 X I 0'1 Pa.s. 
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Permeability Resu.lu Analysis 
Fig. 2 illustrates the experimental resuhs obtained, including an experimental uncertainly 
of 2 standard deviations, for the \'llrious flow rates \\ithin the flow comroller' s working 
range. Ibis shows that at all but the Jov,·est V1, where pressure difference'! were VfTJ 
small and therefore least precise, that the variation of results between test samples was 
significantly larger than the results obtained at different flow rates. A 'significam' 
•-ariation is here taken to mean that a value fulls outside the:!: 2 standard deviation range. 
1.E-07 
... - 1-=<IB i ! ,. ~ " 
" ~ ~ i 1Bl~ ~ 
' 
1..:-CJ 
~., t~.~ ts.a lllO z:~ lOO !5...0 
Flllre Volwno Fractlon 111.1 
Fig. 2: Permeability n. fibre volwne fraction inch!ding 2-standard de\iation error bar.5 
for permeability across flow rates used and random error bars for V,. 
.. 
1 E.C.. D· ,..,_._ .... 
u ~-· ,. 
1£-1C· 
te-11 1----------------~ ~ 1G l' 2J ~ :!0 :!' .=J .ae, 
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• -....a-•ac-""•'•~e;t.-vn~._., .. ~ 
... .._~•'""''._..,ao.-. . .-~_..,...,_ul't!Uc::JI'W.;;Id;l 
A till.~_.-_..-~ a ~::-..... .1 Otll--•!>oiJa:.t::lr..:a.. D¥1p......., !U'P~•• 
•~•=n-.-~ ... ~dun:::oi.AI"'dtt•JIIO 
Fig. 3: 1\·leamred permeability vs. Vr, inch.tding random error bars, compared \'liith 
published liquid permeability data. 
Fig. 3 includes the random error bars for both permeability and V, and compares these 
with publiilied data for measurement of permeability using liquids [8, 15. 29]. In genfral 
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this plot shows that the resuhs at:OO-ed using radial flow of air have a lower level of 
scatter than published data for the liquid techniques. It should also be ooted that the 
published data are for a CFM of higher area! weight (450 gnf~ than used in these 
experiments, which might be expected to return a ciiffurew:e in permeability due to 
~"ariatio!l'l in fibre architecture. Therefore close agreement with pubh;hed liquid 
permeability data for CFM has been shov;n. 
CONCLUSION 
By comparison \>iith published liquid permeability results for similar reinforcement.s, 
confidence in permeability measurewent using the steady-state radial flow of air has been 
achieved. Statistical analysis of the results has verified the precision of the equipment 
us.ed to measure experimental parameters. Va.I)ing the flow rate (within the range of the 
flow controUer used) did not have a significant effect on measured permeability. 
Tlms the cleaner and more versatile technique using air as a permeating fluid may be 
considered suitable for the permeability measurement of CTh-1 reinforcement. The 
practical implementation of tbe.se results could permit the benrbm.uking of a given 
reinforcewent type agai!l'lt reference material, by direct comparison of pressure 
diiference and/or air flow. The equipmem could be easily adapted to measure fibre loft 
(resistance to compression), while sinnilianeous.ly measuring permeability, tbu5 providin~ 
important characterisation infonnation to the moulder. Work is in progreo;s to extend the 
technique to other fibre archirectures, and to develop models for permeability 
optimisation. 
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2. Composites Part A Publication of the Radial 
Airflow Technique 
Available online at www.seiencaclirect.com 
.,.....,., 
·:; .. ScienceDirect Part A: •Pillled schlace 
aRd mant~lacblring 
Short communication 
' Measurement of permeability of continuous filaf11.ejlt mat 
glass-fibre reinforcements by saturated radia):ai~fl9w 
:~-"'-· ;'/ 
R. Pomcroy •. S. Grove •··. J. Surnmcrsca!cs ". Y. Wang-'~. ;.\.· ~larpcr b 
\:-.. ->' 
• School of Engilluting. F.rulry oJT~cht»J,.,gy, lJniNrs.ity of Plynm.th. Dtakz Cva4' PlpnOiuh PU R..t..t, VK 
11 Pb.u~ch ThanrJSD Ttrroro:a Ud, Manufut:&ring T~c/nJ!oty Cnutr, Clli!m"OTd:ly 8ra'll, G:m'nisiUb, Connt·o::l!l', PLIJI 9i1T. l'K 
-./' 
Roo:cJ..~d 24 Au.gu.st DJ6.; n:cc:ivcd in n:\i2:d fann 29 Na~o.:mh:::r 2006: .as::c~JUd 29 Nm·cmbcr .»:16 
.\l..rr11ct 
Tl~ measwcmcnt of fibn:: rcUU'or~m p;t'tlh~:ab~iry i~ important fO:J the "lm&;:.sl3Jldjng, optU:nisation 3Dd m~DiDg of R TM ..10d 
IC3ln illfu:sion prOCC!SCJ. TWJ u.;orlc: inv~tig:t~ tb:: us:: of a Jatw-ab:d r-::u!ial 3.ir "'6ow .::xp::rimcnt for m.e.:lJw·ins lhc pcrmc:lbitity of con· 
tinuous 6L1Jncnt ltl31 (CFM), wb..i~b i.i a common reinforOC1rl~t typ:: wcd·roJ:·indwuill RTM paru.. Tl~~:: uoc- of air, r.:nhcr tlli:ln liquid 
rcs:i11, i1 clcan\::::1, qudcr a.nd potcnti:l.lly ~~,.to control. The p.l.fer OOos..id.!15 tl.c rroble~ru i~1cnt in u.s:ina 3 compr~S"ibl..:: flujd, 
io5L::'ad of aliqut.!. for tliiC nu::asw·t::m.:nt of~ nn~bility, .and the r~Ui;~ts for nniut:Uning law.ilw How. lt ~a1bct th~ instrUilU."'D· 
ration wOO f(Jf 6ow 300 p:rc.iSw~ mc:l..SurCJlli.."''.t.., aOO t ~ clf .. "'Ct of v.J.·~g-_f!ow Cl~- R~uh& oomruro f3vourably "'·ith rmhli~IW p.--rm~~ 
:1bility vah£S baiOO. on liquid ftow ..::xp:::~ in~nt.i, :md 3r.:: i111da.1l-::llikot Or 6c::tw ra~ u-;tl•W tliiC r"3Jlg~ of \o'"3fu:oi inv~CStigat.OO... 
·~ :lKI6 Els<..;., Ltd. All right> '"'<JV.:x!. . 
I. lutr odu et ion 
Resin transfer moulding (I!.TM) and'tight-RTM I1J'C 
dosc:d-mould processes ll.SJC:d for the mariti'facturc: of llbrc:-
rc:inforo::d polymc:r com!"'site compc:iilcnts,-ranging from 
industrial ID ac:rospa<r apptications. Omtinuou:s filament 
tnJt (CI'M) glas.s-fihrc rcinforcc:mmt m~icrials arc suitable 
for many industrial RTM parts, due In' their lolly, in-plane 
isotropic nature and low costcomtilrcd to more organis<:d 
fabri:s. They arc: rc:larivdy Pnifo..m'.btc:, and produ<r com-
pos des v.ith moderate fibie ~ritcnt (typicaUy less than 
about 30-40~'• by voluni:). ' ' 
There is both indtistrial.and academic intcrc:st in the 
chnrnctcrisulion nnd unilei'St.anding of the factors atfo::ting 
the pcnneability\K)'of Cl' M rcinforcemc:nL•. This is con-
\'I!Drionally definal.by Darcy's law [1-31. where the volu-
metric Aow rate ( Q) of resin through crm~crion A 
• CanC!Ipo:ld:in& z:uthor. 
E·f1Dl1 adthJJ: ~nw~plytmuth.u::.uk (S. Grm-e~ 
1359-SJ.SXIS • lii:C fr<mt m.11tcr ~ 2006 Eh:\i~ Ltd. All rishts n::t:rv«<. 
<bi: 10.10161j.c.am.pasitel.!.....i.""006.11.011 
depends on the pressure gradient {\7P) and the resin vi<eos-
ity (p): 
KA Q=-·'VP 
/1 
(I ) 
Then: is a large l>ody of literature on pcnneal>ility mc:a-
surc:mcnt, a comprchcnsi•'C m·icw of which is beyond the 
S<:opc of this paper. We note thnt c:xpcrimcntal approaches 
(e.g. [2.4-131) arc based on fitting data to the appropriate 
fonn of Uarcy's law. &ih wetting (unsaturated) or 
slculy-<late (saturatal) flow regimes hm'!! been u.s<:d, under 
conditions of conslllnt How r.utc or consumt prt55un: gradl-
cnl, usually in linear or radial gCXlmetries. More sophisti-
cated studies (e.g. [31.321) employ numerical caiOJiarions 
of Auid Row to model periodic reinforcements (such a.< 
wm·cn fabrics). Of more imercst for application in an 
industrial context arc simpler methods [14-16,33J, which 
offer the !"'ssibility of measuring pcnncabiliry roth rapidly 
and continuously O\'!!r a range of fibn: volume fractions. 
The traditional approach is ID u.s<: cilher thermosetting 
rc:sin or some substitute liquid of comparable \'Gcosity. 
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Literature rcm:wed 10 34J suggests that for unsaturated 
flow, measured pcnneability may depend on the fluid used. 
Experiments iD\'OI\ing liqud are m~y. involve high in-
mould pra ura and arc "destructh-c:', meaning that the 
technique is not uitable for on-line. in situ mea uranent 
m an indmtrial context. To combat these: problems, im"e$-
llgatiom in'>'OI.,iog the flow of air and other gases in place 
of resin h:m: been made (17-23), which rallge from mncro-
scale permeabltity testing through to locall!ied measure-
ments usil1!! array of sensors. These hne been used for 
localixd preform defect detection and itwc:stip don of iner-
lla effects. 
The use of air llow is therefore an atlnlctive propos~tion 
for permeablity measurement, and prompted this work to 
10\'esllgate the saturated mcial flow of air for the perme-
al:ihty chardCtc:nsatim of CFM at \·ariou.s fibre fructions. 
z. 1br«y 
1.1. Air fto14' cott.rideratiotu 
Various cona:ms arc associated with the used air us a 
fl01d for permeability measurements. "lnese include matcb-
mg the creeping or laminar flow seen in RTM prooessing 
24] and the density and .,;scosity effects o f using a com-
pi'CSSiblc: flwd In the literature, both flow chamctcru.ti: 
and comprcs 'biity arc diSCussed in terms of the Reynolds 
number ( .Rel: 
piu R~ =­
p 
(2) 
where p i density, u is flo w \docity and I IS a reference 
length. 
Darcy' law apphes to lammar flow at low Rc:ynold 
numbers - Micluud a nd Mortenscn )S) uggest R~ <. l. 
In addition, it 1 considered 24.26] that the: oomprcssib1fity 
of pses .md inert1.1 effect may be ignored at R~ < O.l. 
llowC\·er, the: estimatio n of R~ requires care. Due to the: 
Impracticalities d me<~Suring locaJixd How \'dociues and 
pore diameters, the: reference length ( /) and How vdocity 
(u) arc ta~n as fibredimnctcr and uperft:ial flow vdocity, 
respecth-c:ly. Therefore, as flow path diameters lllld local-
iliCd flow differ con.sidembl)' between CFM nd ordered 
fibres, R~ may be diffi:rcnt for flow in different types of rein-
forcement. However, the litcruture documents appropriate 
Rcynolds numbers and suitable Oow rates of gases in order 
to ensure laminar flow (17,18,22-24). For the range of flow 
rate used in tha;c measurc:ment:s (up to S LJmin), and 
using a length scale Da.<;ed on fibre diameter, we find Re < I . 
As lonv as romprcssibDity effects are avoided (sec: 
below), the \iscasily of a1r depcr~ds only on the absolute 
temperature .!7): 
( T
1
- C) (T2)ll2 
JJ2 = PI T:- c r; (3) 
where p 2 is the ~ucauty of a.r at temperature Tb and #If 
a nd T 1 are rc{erenoe \'a lues (e.J: ., p1 I .81 x 10-s Pa s at 
/'1 293 K). C( 117 K) is Sutherland's constant. 'tnis ap-
plies to dry a.ir; Ref. 27 ) also pro'<ides a correction factor 
for rdati\'C humidity (RH), but thi results in o nly a 
0.25'Yo .,. nation In density a.·er u 60'/e range in RH. there-
fore indicatingtlut hwnidity lS a negligible: £actor in \isc~ 
lly lculatlons. 
1.1. Expmmm raJ IZniUf 
·me experimc:nul des1gn 15 hown chema.tically m 
F~g. I . Here a \"'Oiumetric flow m nt roUer (Omega Engineer-
mg) wllh a zero to 8.33 x 10-s m ) s-• range and a cerbfied 
calibrated accuracy of I"• of full ea le, control'i the volu-
metnc flow o f a1r whJcb then passes through the base: 
mould platen and permeate o ut rad1ally through the 
300 mm diameter samples. In orde r to measure the resul-
tant pressure gmdient acrm the sample, a Set m d1fl:rential 
prcsmre transduoer ( K.c:mpston Controls Ltd) was used. 
This had a zcro to 623 Pa ranb'C dnd 11 certified calibrated 
aa:umcy of 0.25'1' of fuR ea le. Data were captured o n a 
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Datatak<:r IJTSOO data loggCI" \\ith Dclogger software, 
which also measured air How temperature ,;a a K.;crics 
thermocouple mounted in the basic mould platen. 
"!.3. Perm£llbility calculation 
Calculaticm of permcabtlity from the experimental 
parameters is shown as Eq. (4), which is obtained ~ inte-
grating Eq. (I). Note that measured permeabiHty K 
depends on the radius of the <rntral injccticm hole (ro): 
K = ....EfL_ In(!:....) (4) 11P21ld ,. 
liP= P0 - P, is the pressure difference between r0 and m-
dhl [>Osition r. d is the CliVi!)· depth. 
Eq. (4) is appropriate for incompressihle fluids. Fcscr 
et al (30) used a steady-state radial How opcrimem to 
measure the permeability of the gas diffusion layCI" in pro-
ton exchange membmnc !PEM) fuel ccOs. Their app>ratus 
used annular samples of 15 cm diameter, and experiments 
were conducted with both air and water. To allow for the 
compres.sibiHty of air. fluid density in the mass continuit)• 
equation is expressed as a function of pressure by the ideal 
g;tS bw (p = P/R1). This results in a non-linear expression 
for pcrmeabilit)·: 
1..~- pQP, I (') 
- ::d(~- ~) n -;;;- (4a) ',> 
Comparing Eqs. (4) and (4a). we sec that 
2J' AD 2J' 
K'-K ,....... -K ,. 
- (f'!-~)- (Po.;.P,) (4b) 
•, 
If the difference between inlet and outlet pressures' is 
small compared to the absolute pressure, then the dili:r-
cnce between K' and K is negligibly small. The maximum 
inlet pressure used in these experiments is less than 
tiOO Pa ab<wc atmospheric pressure, Sri' the greatest dili:r· 
encc between A." and K is about 0.3'%. 
3. M<thodolngy 
Unifilo U&l J-300 ( mamifacturcd by Saint-Golw.in 
Vetrotcx) was used ti>r' thc,.;··experiments. The nominal 
reinforcement a real weight·;~· j'oo g m" 2, with a tolerance 
of between :!25 and 345 g ~:2 [28J. Each 300 mm-diameter 
sarnrle comprised 6.,layciS; with I 3.6 mm diameter injcc-
rion holes. cut Using-u.'hydraulic rress and cutting tools. 
These were then acX:~ratel}' weighed, and a fibre volume 
fraction ( V1) cak:ul~iCd from measured C<l'ity thickness. 
On the scaleofthcsumples used in these experiments, Uni-
filo is assumed to be isotropic in-plane. Morocwer, each of 
the 6laycrs was assembled with arbitr~ry orient.ation, \\ith 
respect to the original roll of material. 
The: samples WCI"e placed between the aluminium mould 
pbtens and compressed using an lnstron L'nhcrsaltcsting 
rruchine to the approximate depth required for a fibre \'OI· 
ume fraction of JO.Yo, The ca\it)' depth w.~s then measured 
accurately using VerniCI" callipers. 
Air How mte thrm'fh the samples was controUed ini-
tially at 1.67 X 10-5 m ,-• (I l)min) and diffCI"cntial rrcs-
surc nod airflow tempe~"aturc rcC<ll'ded c\'Cr)' second m·.,. a 
20 s period. This was then repeated at How rates of 
l33x w-'. 5x 10-'. 6.67x w-• and 8.33x w-'m's-• 
(1-5 IJmin, respcctr.·dy, as sho\\11 r(m the How comrollCI"j. 
The whole proocss was thenC;:q,C:~ted at progrcssi,cly 
small.,. ca,·ity depths to a V1 of. approximately 35%, for a 
total of 10 samples. '-... \...__j) " 
This operimental metl}och1'-11S:.:then repeated, (over a 
limited range of How rates) on 10 and 14-lay.,. samples. 
This was to imcsriJWte '·whether any interface region 
between adjacent plies .. ni.J any influence on measured 
permeability. '· ·' 
-'· Rtsults IIDII dis<ll'Oiioo 
'-,~"·..,_ 
4.1. Expen];;;m'tn)errors 
',) :'~--~)I' 
The~ffccts ~f random measurement errors on the calcu· 
lated 'Vrand' permcabilit)' were considered in terms of the 
c~biiu~'iiOn of worst c~ inac'-urades. The following pos4 
sible ~urces of Cl"ror were induded: 
·--J 
>\ 
rE-glass density: between :!550 nod 2620 kg m-' [!8) 
·Flow <ontroller: accuracy 1% of full scale 
Pressure transduce~": accuracy 0.25% of full sc.ale 
Vernier calliper: aa:uraq· ±5 X 10-6 m (calibrated 
in-house) 
Sample outer radius 'r): ±5 x I 0_. m 
Air viscosity: ±5 X I o-' Pas. 
4.2. Permeahi/iry results ana(v.ris 
Fig. 2 illustrates the opcrimental results obtained O'or 
saturated air How), including an operimcnt.al uncertainty 
of ±2 standard de,iations. for the ,·arious tlow rates within 
the How controller's working mngc. At tow fibre \'Oiurne 
fractions, the bars ~presenting the- standard deo.·iJJ.tlon ~tre 
relativdy Jar~" because of the greater =or implicit in the 
measurement of low pressures (due to the prcciiion of the 
equipment used), which result from low How rates and 
higher permeability. 
Fig. 3 includes the random error hars for both pcrme-
ahilit)' and V, and compares these \\ith published data 
for measurement of permc;~biHty using liquids [8,15;!9~ 
In general this plot shows tlut the resu~s achie,cd using 
radial How of air Ju,.., a lower lc,cl of scattCI" than pub-
lished data for the liquid techniques. There is also a sugges-
tion that our results an: lowCI" than the published ,·alues of 
pcrmeabilit)'. There arc SC\cral [>OSsihle c~planations for 
an)' dili:ren<cs. lt should be noted that the published data 
arc for a CFM of higher arcal weight (450 g m-2) than used 
in these experiments ( 300 g m-2). which might be expected 
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Todnlf»(15] 
•~nonl-pn>Oit'Ai aiUnlloU!.014>J..1:l!~ 
FJ8. l Mu:nrcd p.:~iiHy Y.l v,. 111dudall nnd<>m error bus, 
CODlJU"'d -."lth pubisird lqUJ<J pc:nne.l.bility chU . 
to rctum a diiTcrmcc m pc:nneab1tity due to \'llriat1ons 10 
fibre architecture. Additiolllllly, o u.r resul ts arc fo r satu-
rated, te<u:l y- talc flaw, while thcprc:\10 usly-pubh hed val-
ues a rc for ~oc:tting flow. The a uthors plan to im"eStigatc 
thc:sc: differmccs thro ugh comparative pen11Cabilit)' mea-
uremenls using liquid. A further consideration i that , in 
the tcady- talc, it i poss~blc: th.at rur flow oa:urs mainly 
10 the rc:lath'CI)' large inter-tow pa<rs in thts particulll.l' fab-
ric - this aspa:t is also under inves tigatio n :llontz with a 
det.aili:d micro tructural c h.il.l'octcruatio n of the rein force-
ment. Notwithstanding these foctors. the agreeme nt 
wi th published liquid pe1111Cabihty dJita for CFM 1 
c ncouragtng. 
We note that ai r pcrmeab1lil) ' mea urc:ments J.rc rcad1ly 
applicable to in-plane isotro pic reinfo rcements. The 
method would no t be uitable for fabrics with an o rthotro-
pic pc:nneability tensor, as both directional Row rates and 
pressure gradients would hu \'C to be measured. Howe\'er , 
o rthotro(lic fa brics could in pl'inciple be in\'C~igatod m a 
L D steady flow geometry, and pc:nneabaity components 
mc.asurc:d :scrnratcly, as in traditio nul penneabili ty mca-
urc:ment k:chniqucs. 
5. Conctlriion 
Uy c:ompa nson with publi hod liquid penncabihty 
results fo r s imilar rdofor<."Cments, confide nu: in permeabil-
ity measurement using the stcady~tatc radial Bow of air 
h.11s been achie\·od .. Stnt1stb.l analysis of the results has \'Cr-
lficd the precision ci l he equipment used to measure exper-
Imental parameters . VH.r)ing the flow rate (Within the ra nge 
of the flo w controller used) did not have a significant dfa:t 
on measured permea bility. 
Thus the cleaner and more \'c:rsati le ta:hnique using air 
a a permeating tluid may lx considered suitable fo r the 
penncabitity measurement of CFM reinforcement. T he 
practical implementation of these results could pc:nnit the 
bencl:marldng of a gh'Cn reinforcement type: against refer· 
cnce matcrul. by dtrc:ct c.ompanson of pressure d ifference 
J. od/o r air flow . 
This =rch has focus.scd o n reinforcements of random 
fibre o ricnt.at MJn , wh1c h arc of c.on-si.derable intere-st to the 
general commercial :sector o f RTl\·l application . Work is 
in progress to extend the technique to o ther fibre architec-
ture , and to de\·dop models for permeability optimisatio n. 
R.P. acknowledge the rc~pt of an I::.PSRC CASE ~tu­
dcntship, Jointly spon'iOrc:d by Plastcch Thcnno:sct Tecton-
IC . We a rc grateful to St-Gob:un Vetro tcx for the supply of 
L'mtllo CFl\1.. 
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Appendix D - Commercial Use of the Radial 
Appendix label 
1 
2 
Airflow Technique 
Contents 
Title 
Commercial Use of the Radial Airflow Technique 
Airflow Permeability Testing of Continuous Filament 
Mat Glass-Fibre Reinforcements, Using High Flow 
Rates and Industrial Standard Pressure Sensors 
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Appendix D 
1. Commercial Use of the Radial Airflow 
Technique 
Steady-state radial airflow permeability measurement 
FAO Alan Harper, Plastech T.T. Ltd. 
Rimfire Air Permeability Measurements Report 
Experimental methodology designed and measurements conducted by 
Ross A. H. Pomeroy 
University of Plymouth 
ross. pomeroy@plymouth .a c. uk 
01752 232617 
Outline 
The previously proven steady-state radial airflow permeability measuring 
technique (app.i) has been applied here to acquire permeability measurements for 
the Rimfire glass fibre reinforcement material. In addition, permeability 
measurements have been taken, for comparative purposes, of the commercially 
available reinforcements: Syncoglass 900/900/900, produced by Saint Gobain 
Vetrotex, and Rovicore 1000/03/1000, produced by Chomarat. 
Materials 
Rimfire: a randomly arranged chopped strand dry preform, produced by heated 
spray lay-up of dry fibre with a thermoplastic binder. Two sheets of this material 
were provided for the purpose of this investigation, from which six 300mm 
diameter samples were cut. 
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lt should be noted that these samples were extremely fragile, due to both the 
chopped strand nature and use of a powdered thermoplastic binder. And also the 
areal weight of this material varied greatly across the area of each provided 
sample. 
Syncoglass 900/900/900: a cored reinforcement, consisting of two skins of 
continuous filament mat with what appeared to be a glass-fibre towed knitted core. 
This material is far more robust than the Rimfire material, for handling purposes, 
and also appears to be far more consistent in terms of fabric thickness and areal 
weight, although only enough fabric was provided for two samples to be cut. 
Rovicore 1000/03/1000: also a cored reinforcement. Here the core appeared to be 
a fibrous thermoplastic material, or unknown density. Again, far more robust and 
consistent than the Rimfire material, and again only enough material for two 
samples was provided. 
As the constituent material quantities and core density were not known, it should 
be noted that the fibre volume fractions, where used in the results, will contain an 
error due to having been calculated using a fibre density of 2600 kg/m 3 (e-glass) 
throughout. 
Results 
1. Area/ Weight Variation: There was found to be a large spread of areal 
weights across the 6 samples of the Rimfire material, ranging from 2.585 to 
3.452 kg/m2 . The average here was 2.942 kg/m2 with a 2-standard deviation 
predicted spread of 25.8%. (App. ii). Obvious concerns are raised over the 
repeatability of fibre volume fraction within a closed mould tool, using this 
material, and the significance of localised variations in permeability. 
2. Permeability Comparisons: By plotting the permeability data for the Rimfire 
samples (app. iii) and for the Rovicore and Syncoglass samples (app. iv), lines 
of best fit were applied with high R2 values (signifying suitability of fit) thus 
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allowing use of the resultant equations to tabulate permeability results at set 
fibre volume fractions (app. v). As the Rimfire sample #2 results appear to be 
outliers (app. iii), which is clearer in the non-logarithmic plot shown in app. vi, 
these tables are repeated with the Rimfire sample #2 removed. 
Table 1 (a & b) show the permeability results of Rimfire and Syncoglass as a 
proportion of the Rovicore material, which returned the lowest permeability 
results at each fibre volume fraction. 
Here though, it should be noted that the fibre content was calculated for 
Rovicore using glass-fibre density of 2600 kg.m-3 within the fibre volume 
fraction (Vt) equation: 
V _ nA,.. r -
Prd 
( 1) 
(where: n = number of layers, Aw = area/ weight, Pr = density of fibres, d = 
cavity depth) 
In addition, only 2 samples were tested for both Syncoglass and Rovicore, 
which return a high spread of results, as also shown within the tables included 
in app. v. Thus caution must be taken when using the comparisons shown. 
Table 1: Rimfire and Syncoglass Permeability Shown as a Proportion of 
Rovicore Permeability 
a) with Rimfire sample# 2 outliers b) without Rimfire sample # 2 outliers 
Rimfire Syncoglass Rimfire Syncoglass 
v, 
X X 
v, 
X X 
Permeability Permeability Permeability Permeability 
of Rovicoro of Rovicore of Rovicore of Rovicoro 
0.10 1.35 1.53 0.10 1.39 
1.53 
0.15 1.45 1.71 0.15 1.38 
1.71 
0.20 1.62 1.90 0.20 1.39 
1.90 
0.25 1.88 2.13 0.25 1.42 
2.13 
0.30 2.28 2.38 0.30 1.46 
2.38 
0.35 2.89 2.68 0.35 1.52 
2.68 
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These results are also plotted in figures 1 and 2, for clarity; both plots not 
including the sample #2 outliers. Here, fig.1 shows comparison of Rovicore, 
Rimfire and Syncoglass on a normal scale. This also includes 2-standard 
deviation error bars for the Rimfire material and the spread between the 2 
samples of both Rovicore and Syncoglass. Therefore care must again be 
taken as the error bars shown by the 2-standard deviation spread suggest 
that there is no significant variation between the Rimfire material and either 
of the other 2 materials. However, as a definite trend is visible then 
repeated tests, so as to reduce the predicted error bars, may well support 
the results shown. 
In addition to these plots, appendix vii presents lines of best fit for all of the 
experimental runs, for visual comparison of the repeatability of these 
results. 
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Figure 1 : Comparison of Rovicore. Rimfire and Syncoglass on a Normal Scale 
1 &07 
Fibre Volume Frectlon (%) 
I• Chomarat ROVICore • Rimllre 0 St. Gobain Syncoglass I 
Figure 2: Results Repeated on a Logarithmic Scale 
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Summary 
Due to the low quantities of samples tested, and assumptions made on the 
Rovicore and Syncoglass compositions, extreme care must be taken in relation to 
the results shown here. However, a trend does appear to have been shown. 
Rimfire appears to have improved permeability in comparison to Rovicore, 
however Syncoglass appears to have further improved permeability again. 
Although Rimfire has been shown to have comparable permeability to these two 
commercially available products, concerns arise due to the repeatability of fibre 
content within a mould tool. Under a flexible tool, such as an infusion vacuum bag, 
this would not pose a problem as the compaction pressure controls the cavity 
depth. However, under a cavity controlling tool, such as with RTM or Light-RTM, 
the process is unlikely to be able to sustain the localised variation in permeability 
caused by non-consistent fibre content within the mould. 
Appendix i 
lnstron crosshead 
Mo1sture trap 
Lap top 
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Range of Areal Weights Across the 6 Rimfire Samples Tested 
Sample 
1 
2 
3 
4 
5 
6 
1.E-08 
Area I Average 
2SDs 
Weight A_; (kg/m2) (kg/m2) (kg/m2) 
2.585 
3.452 
2.927 
2.942 0.760 
2.593 
3.356 
2.740 
Appendix iii 
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FihrP. VolumA PArr.P.nti'IOP. 
Rimfire Permeability vs. Fibre Volume Percentage Results. Including Exponential 
Lines of Best Fit. Equations and R2 Values for Line Suitability 
[R2 values suggest how well a line of best fit suits a collection of data. Anything 
over 95% represents a good fit] 
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Syncoglass and Rovicore Permeability vs. Fibre Volume Percentage Results, 
Plotted on a Logarithmic Scale and Including Exponential Lines of Best Fit, 
Equations and R2 Values 
Appendix v 
Permeability vs. fibre volume fraction data calculated from lines of best fit 
equations. including percentage comparisons of Rimfire and Syncoglass against 
Rovicore 
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Appendix vi 
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Rimfire Permeability vs. Fibre Volume Percentage Results, Plotted on Non-
logarithmic Y -Axis Scale for Clarity of Outliers 
Appendix vii 
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Rimfire, Syncoglass and Rovicore Permeability vs. Fibre Volume Percentage 
Results, Plotted on Non-logarithmic Y-Axis Scale In Order to Show Position of 
Results 
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Appendix D 
2. Airflow Permeability Testing of Continuous 
Filament Mat Glass-Fibre Reinforcements, 
Using High Flow Rates and Industrial Standard 
Pressure Sensors 
Introduction 
Previous work involving the steady-state radial flow of air, at low flow rates, 
investigated the effectiveness of air flow for measuring the permeability of 
continuous filament mat (CFM) reinforcements, as commonly used for the 
manufacture of composite components by industrial standard Resin Transfer 
Moulding (RTM) and Light-RTM (L-RTM). The material used for this investigation 
was the product Unifilo U813-300, from Saint-Gobain Vetrotex (www.saint-
gobain.com), a 0.3 kg.m·2 low areal weight version of the industry standard for 
CFMs. These experiments showed that results comparable with published liquid 
flow data (Parnas and Flynn 1998; Buntain and Bickerton 2003; Rodriguez et al. 
2004) and with a high level of repeatability could be achieved, via the use of low 
flow rates of air. 
However, laboratory based conditions and highly accurate and precise equipment 
are not generally found on the shop floor of the composites industry. This has 
prompted retesting of the CFM material using higher flow rates and less precise, 
more robust pressure sensing equipment. 
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Experimental Design 
The experimental design is illustrated in Figure D-1. Here changes have been 
made to the previous laboratory standard experiment. These changes included 
use of this project sponsor's (www.plastech.co.uk) PV sensors (Figure D-2), in 
place of the previously used high-precision transducer, and a comparatively low 
cost, less precise flow controller, in place of the previously used 0 to 5 Llmin 
Omega Engineering Ltd. (www.omega.co.uk) flow controller. 
The design involves removal of excess moisture from the air supply using three 
moisture traps mounted in the air line. The flow continues through the flow 
controller and then in through the base mould platen, to permeate radially through 
the reinforcement sample mounted between the mould platens. The cavity depth 
between the platens is controlled via mounting of the mould platens between the 
crossheads of an lnstron 5582 universal testing machine (lnstron 2008) and 
measured via use of, in-house calibrated, Vernier callipers. 
Prior to entry into the base mould platen a T -bar pushfit connector is used to 
connect a static air supply to the PV pressure sensor, thus returning the pressure 
at that point in the air flow connecting tube. An additional PV sensor is used to 
take a reading of atmospheric pressure at the same time steps as the other 
sensor, which allows for a pressure differential across the sample to be calculated 
from the voltage output received by the DT500 Datataker datalogger (Datataker 
2008). 
A thermocouple, mounted within the air flow at the base mould platen injection 
gate, provides temperature readings for air flow viscosity calculation. 
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Figure D-1: Schematic of the experimental design 
The PV pressure sensors provided a digital readout resolution to 1 mbar and a 
voltage output resolution, read using the laboratory's Datataker DT500 data logger 
(Datataker 2008), to the nearest 10 Pascals (0.1 mbar). Although these sensors 
are not calibrated in relation to actual pressure this is not considered necessary as 
only a differential pressure is required. Therefore the voltage outputs were used to 
calibrate the sensors against each other, with this voltage output assumed to be 
linear with pressure change, and then the adjusted output difference was used to 
provide the differential pressures. 
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Flow 
Controller 
PV 
Sensor 
Figure D-2: Flow controller, injection pressure PV Sensor and digital readouts 
A FL-2064 low-cost (£64) acrylic flow controller (Omega Engineering Ltd. 2007) 
was sourced in order to control the air flow to suit the pressure sensor range 
measured by the PV sensors. This controller had a working range of between 30 
and 280 Litres per minute (5x104 to 46.7x104 m3.s-1), with an accuracy to ±3% of 
full scale (8.4 LPM or 1.4x1 04 m3.s-1). 
Here it should be noted that during the previous laboratory standard permeability 
tests, Reynolds' number calculations suggested that laminar flow of air was not 
maintained throughout the whole fibre volume fraction range and range of flow 
rates used. Therefore with the substantially higher flow rates used here it is certain 
that turbulent flow exists during these experiments, which deviates from the Darcy 
permeability calculation requirement for creeping or laminar flow and therefore 
may result in permeability calculation results. 
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Again, as covered in the laboratory standard work, there exists a pressure drop 
between the injecting pipe pressure measurement point and the mould injection 
gate. This pressure drop may be considered as a Poiseuille (Equation 1-1) 
pressure drop along an open tube, where pipe radius (R) and length (L}, and the 
fluids dynamic viscosity (IJ) are considered to remain constant. Therefore a change 
in volumetric flow (Q) rate should return a linear change in pressure differential (Po 
- P,) between the measurement point and the injection gate. 
~rR 4 Q=--(~. -~) 
8pL, 
Equation 1-1 
The pressure differential between the measurement point and the injection gate at 
specific flow rates must therefore be used to correct for the pressure reading taken 
along the injection pipe, so as to provide true injection gate pressure. This was 
tested by completing open mould experiments at a range of flow rates. 
Methodology 
In order to collect pressure readings, at the same regular time intervals from the 
two PV pressure sensors, the voltage outputs were connected to the DT500 
Datataker datalogger. This involved the process of signal attenuation detailed 
within Appendix A6. 
Although assumed to have a voltage output with a linear relationship to pressure, 
the PV sensors were not calibrated and therefore returned different readings. 
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Readings were therefore taken simultaneously, through the Datataker, for both 
sensors. These results were used to retrieve a calibration pressure differential 
between the two, which was subsequently used to correct the experimental 
measurements. 
Calibration of the injection pressure reading, to account for the Poiseuille pressure 
drop, was conducted via open mould tests. The aluminium platens were left open 
with no samples loaded and pressure differential readings were taken at a range 
of flow rates, including 30, 40, 50 and 60 LPM at which stage no higher flow rate 
could be provided from the laboratory's air compressor. 
Air flow rates were then controlled at 40, 50 and 60 LPM and pressure 
measurements taken at each flow rate. 
Results 
Table D-1 lists the pressure differentials between the pressure measuring point 
and the mould injection gate for the range of flow rates tested. Figure D-3 plots 
this data in comparison to the data previously recorded from the laboratory 
standard air permeability experiments. This plot also includes lines of best fit, with 
R2 values, extended forwards for the laboratory standard results and back to zero 
for the industrial standard results. 
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2-SDs for 
Flow Average pressure 2-SDs 
Rate Pressure fluctuation percentage Differential during (LPM) fluctuation (Pa) each run 
(Pa) 
30 1758 21.21 1.21 
40 3153 20.91 0.66 
50 5903 52.97 0.90 
60 10304 59.93 0.58 
Table D-1: Open mould test results for pressure differential between the 
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Figure 0 -3: Open mould pressure differential results 
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Figure D-4: Industrial standard air permeability of Unifilo U813-300 with equipment 
induced random errors, including laboratory standard air permeability results with 
random errors and liquid permeation of other Unifi/o CFMs from literature. 
Figure D-4 compares industrial standard air permeability results with the 
previously measured low flow rates laboratory standard air permeability and also 
published liquid permeability data for similar CFM reinforcements. Also included 
are equipment induced random errors for both sets of air permeability data, where 
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the industrial standard random errors include a flow rate of ±3% of full scale (8.4 
LPM or 1.4x1 04 m3.s-\ pressure to ±1 0 Pa, viscosity to ±5x1 o-7 Pa.s, external 
sample radius to ±5x104 m, injection hole radius to ±5x10-6 m and cavity depth to 
±1x104 m. 
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Figure D-5: Averaged industrial air permeability results (logarithmic scale) with 2-
standard deviations vs. Vr average with 2-standard deviations. Also including 
averaged laboratory standard air permeability results, also with 2-standard 
deviations shown. 
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Figure D-5 and Figure D-6 illustrate industrial and laboratory standard air 
permeability results averaged at averaged fibre volume fractions. Also included 
are error bars showing 2-standard deviations for both permeability and fibre 
volume fraction . Figure D-5 uses a logarithmic scale for permeability, in order to 
provide visually comparative results to the other plots, whereas Figure D-6 uses a 
linear scale in order to illustrate that 2-standard deviations, below the average, 
reach zero up to a fibre volume fraction of at least 16%. 
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Figure D-6: Averaged industrial air permeability results (linear scale) with 2-
standard deviations vs. v, average with 2-standard deviations. Also including 
averaged laboratory standard air permeability results, also with 2-standard 
deviations shown. 
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Figure 0-7 illustrates industrial air permeability results at each of the individual 
flow rates used, and also include laboratory standard results for comparison. 
Exponential lines of best fit are included only in order to illustrate a trend , however 
high R2 values are shown for both the laboratory standard results and also the 
highest flow rate (60 LPM) industrial standard experiment therefore indicating a 
reasonably accurate line of best fit for these results. Figure 0-8 also considers 
permeability results at each flow rate, although here permeability is averaged at 
averaged fibre volume fractions and 2-standard deviations are shown. 
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Figure D-7: Industrial air permeability results by flow rates used, including 
exponential lines of best fit for clarity of trend 
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Discussion 
Pressure measurement point to mould injection gate pressure differential: 
The Poiseuille relationship (Equation 1-1) for flow within open ended pipes 
suggests that a linear relationship between flow rate and pressure differential 
should exist when the pipe dimensions and flu id viscosity remain constant. As can 
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be seen in Figure D-3 this linear relationship does not occur. Therefore various 
possibilities exist, including either that the Poiseuille model does not hold true for 
the situation presented by this experiment, such as the presence of turbulent flow, 
or that dynamic viscosity does not remain constant across the flow rates used. 
Therefore for the purpose of this experiment the results illustrated in Table D-1 
were used in order to calibrate for the injection gate pressure, as previously 
described. 
Industrial standard air permeability: 
Figure D-4 illustrates the random errors caused by equipment limitations. These 
are dramatically higher than for the laboratory standard experiments, as would be 
expected. lt should be noted that the largest source of error here is expected to 
arise due to the accuracy of the flow controller. lt was expected that the air 
compressor would return a far higher flow rate, but in actuality the maximum flow 
rate achieved was 60 LPM, which therefore returned a manufacturer's stated 
precision of only approximately 14% for this flow rate and as little as 21% for the 
40 LPM flow rates used. This in turn resulted in low pressure gradients and 
therefore a reduction in the accuracy of the pressure readings due to the precision 
of the PV sensors. 
Figure D-5 and Figure D-6 illustrate predicted 2-standard deviations across the 
results retrieved from all three flow rates used. 1t should be noted that as fibre 
volume fractions varied across samples tested then these results were averaged 
across averaged fibre volume fractions, with 2-standard deviations shown for both. 
An excessive spread of results was predicted up to approximately 20% fibre 
content, where the spread fell in line with the laboratory standard results. The 
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likely cause for this can be seen more clearly with Figure D-7 and Figure D-8, 
where the higher flow rates return a higher permeability at the lower fibre volume 
fractions, which also causes the trend to drop away from that of the laboratory 
standard experiments, for the lower 40 and 50 LPM flow rates. This would suggest 
that either artificially low flow rates or artificially high pressure gradients were 
being recorded due to the raised instrument errors caused by the lower flow rates 
here. 
lt can also be seen that a lower permeability, in comparison to the laboratory 
standard experiments, is measured across the fibre volume fraction range for all of 
the industrial standard results. Although turbulent flow is expected to reduce drag 
across a surface, such as tows of fibres, it does cause inertia affects around blunt 
objectives in a flows path, such as tows of fibres. Therefore the balance of these 
drag effects may be a cause of this variation between results; or simpler 
consideration of the inaccuracy of the equipment used may play a larger factor. 
Figure D-7 includes lines of best fit added for all 3 industrial standard flow rates 
used, and also for the laboratory standard results. The high R2 values for the 60 
LPM test and the laboratory standard results suggest a reasonable fit for the lines 
used, which also return a similar gradient. However, less reasonable R2 values are 
given for the 40 and 50 LPM lines of best fit, suggesting these flow rates to return 
unreliable results. 
Figure D-8 includes 2-standard deviation predicted spreads for each of the flow 
rates used. Here it can be seen that both the 40 and 50 LPM experiments have 
very high spreads predicted for the lower range of fibre volume fractions, with 
these reaching as low as zero in places. The 60 LPM results also suggest an 
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excessive spread of results at low fibre content. However these are greatly 
improved on the lower flow rates of 40 and 50 LPM, although at higher fibre 
content there is little to be gained over the lower flow rates used. 
Conclusion 
This experiment has reproduced the previously proven steady-state radial air flow 
permeability measuring technique using far higher flow rates and industrial 
standard equipment. The purpose of this being assessment of the effect of 
lowering precision in order to suit the use of this project sponsor's PV pressure 
sensors. The increased flow rates result in turbulent flow, and may have other 
consequences such as fibre wash out, which with the lack of precision of the 
equipment used raised questions over the ability of retrieving comparable results. 
These experiments returned similar, although slightly lower, permeability data to 
the laboratory standard results. This may be due to the use of turbulent flow and 
the increase of inertia effects around fibre tows or this may be more simply related 
to a lack of instrument accuracy, which cannot be determined from this 
experiment's results. 
An excessive spread of results was retrieved and also predicted by calculation of 
2-standard deviations, although the spread was seen to reduce with a rise in flow 
rate as would be expected as pressure sensing measurement precision improved. 
Lines of best fit added to the data showed the highest flow rates provided the 
closest repetition of the laboratory standard results. However, in all cases the 
industrial standard permeability results were lower across the fibre volume fraction 
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range. Drag caused by turbulent flow may be affecting factors, although as 
accuracy of the equipment was generally unknown this may be a more significant 
factor. 
This experiment has shown that similar permeability results, with a similar trend in 
relation to fibre content, may be achieved using higher flow rates and less precise 
equipment in comparison with laboratory standard tests. Although excessive 
spreads of data were achieved here, a higher flow rate and more precise flow 
control and measurement would be expected to enable useful permeability results 
to be retrieved using the PV sensors provided. 
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